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ABSTRACT 


A  chree -component  force  gage  suitable  for  meat,  rement  of  transient 
aerodynamic  drag  loads  on  sting-nounted  models  vas  uccessfully  devel¬ 
oped  and  used  on  Shot  12  of  Operation  Teapot,  using  i-  and  10-inch- 
dlameter  spheres  as  models.  Gages  weie  positioned  n  three  specially 
prepared  areas:  (l)  a  thennsdly  absorbing,  nondusty  asphalt  area; 

(2)  a  theimlly  reflecting,  ideal  water  area;  and  (3)  a  thermally 
absorbing,  dusty  desert  area.  Comparison  of  peak  forces  at  a  S-l^oot 
height  over  these  surfaces  indicated  the  highest  forces  in  the  dusty 
desert  area,  with  lov^r  forces  in  inconclusive  order  over  the  asphedt 
and  water  areas.  These  results  compare  favorably  with  the  Ballistics 
Research  Leboratory  (BEiL)  drag -force  measurements  and  vehicle-damage 
evaluation. 

Di’e  to  the  presence  of  dust  and  other  inhomogeneities  in  the  air 
stream  and  due  to  the  fact  that  the  gage  readings  depended  upon  the 
uncertain  properties  of  the  pressure  seal  between  model  shell  and 
sting,  it  was  not  considered  valid  to  cslcxilate  field  drag  coefficients 
from  the  force  and  q  data.  Further,  the  extreme  variability  of  the 
laboratory  drag  measurements  indicated  that  many  more  field  readings 
><  would  be  required  for  a  significant  comparison  of  field  and  laboratory 

results.  Therefore,  the  only  comparisons  of  drag  coefficients  w-ire 
made  between  laboratory  results  and  previously  published  drag  coef¬ 
ficients  of  spheres  at  high.  Reynolds  numbers  and  subsonic  and  transonic 
Hach  numbers* 

Laboratory  investigation  revealed  the  high  sensitivity  of  the 
sphere-sting  configuration  to  angle  of  flow  and,  also,  the  difficulty 
of  determining  the  actual  angle  of  flow  from  the  orthogonal  force  com- 
puuents.  However,  because  the  field  forces  recorded  in  the  transverse 
(yaw)  and  vertical  (pitch)  directions  were  negligibly  small  and  because 
dust  scouring  of  the  alminum  models  was  restricted  to  the  front  facing 
ground  zero,  it  was  concluded  that  on  Shot  12  (at  the  3-foot  height)  the 
air  flow  in  the  blast  was  parallel  to  the  ground  and  directed  radially 
outward  from  ground  zero. 

The  spherical  force  gages  were  tested  in  wind  tunnel  and  shock 
tubes  in  the  raaage  of  Mach  nu-abers  from  0,2  to  0.7*  with  FejTiolds 

numbers  from  about  3x10''^  to  3x10  (shock  overpressures  from  about  2  to 
2C'  psi).  Fair  agreement  is  obtained  between  wind-tunnel  and  shock- 
tube  drag  coefficients,  although  the  considerable  scatter  of  the 
laboratory  results  indicates  the  need  for  more  extensive  investigation. 
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FOREWORD 


This  report  presents  the  final  results  of  one  of  the  56  projects  coc^jrls- 
ing  the  Military  Effects  Prograia  of  Operation  Teapot,  which  included  14 
test  detonatlonc  at  the  Nevad«*  Test  Site  In  1955» 

For  overall  Teapot  military-effects  Information,  the  reader  is  re¬ 
ferred  to  "Sumnairy  Report  of  the  Technical  Director*  Military  Effects 
Program,**  WT-1153,  which  includes  the  following;  (1)  a  description  of 
each  detonation  including  yield,  zero-point  environment,  type  of  device, 
ambient  atmospheric  conditions,  etc.;  (2)  a  discussion  of  project  results; 
(3)  a  summaiy  of  the  objectives  and  results  of  each  project;  and  (4)  a 
listing  of  project  reports  for  the  Military  Effects  Program, 


PREFACE 


This  report  is  presented  in  two  parts,  either  of  which  may  be  read 
as  an  integral  unit  covering  a  particular  phase  of  the  NOL  drag-force 
program.  Part  1  describes  the  field  phase  of  the  Teapot  Project  1.12 
force  program;  the  major  objectives  of  the  project,  the  field  test 
design  and  results,  and  the  significant  conclusions  of  military  interest 
;  are  discussed  in  this  part.  Part  2  gives  the  details  of  the  laboratory 

investigations  conducted  complementary  to  the  field  program;  force- 
sage  design  and  performance  characteristics  and  wind-t\nmel  and  shock- 
;;  tube  test  conditions  and  data  arc  Included  In  this  part. 

» 

■]  Both  parts  of  this  report  should  be  considered  as  "progress 

■’  reports"  in  the  field  of  drag  studies.  This  initial  attempt  to  study 
transient  drag  on  scale  models  during  full-scale  tests  necessitated  a 
broad  exploratory  investigation  for  Operation  Teapot.  It  led  to  the 
collection  of  a  large  volume  of  data,  which  at  times  is  contradictory 
and  contains  wide  scatter.  With  the  experience  gained  during  Operation 
Teapot  as  a  guide,  continuing  work  in  this  field  can  be  conducted  in  a 
mere  directed  and  systematic  way,  Tuus,  m  the  light  oi  the  new  data 
being  obtained,  the  Teapot  field  end  laboratory  results  are  being  re¬ 
viewed  continually  and  are  being  fitted  into  a  more -comprehensible 
pattern.  This  information  will  be  included  in  subsequent  reports  (such 
as  that  for  Operation  Redwing) .  However,  no  change  in  conclusions  of 
military  importance  as  presented  io  this  report  are  anticipated. 

The  authors  wish  to  express  sincere  appreciation  to  the  operating 
personnel  of  the  Armour  Research  Foundation  6-foot  shock  tube,  the 
Ballis  -.ic  Research  Laboratories  24-inch  shock  tube,  the  David  Taylor 
Model  Basin  7-by-lO-foot  transonic  wind  tunnel,  and  the  Naval  Ordnance 
Laboratory  40-by-40  cm  wind  tunnel,  who  mde  their  test  facilities 
available  and  provided  valuable  technical  assistance;  to  the  members 
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Ox  the  rkplosivetj  Rei^earch  Dej^artinent,  the  Aeroballistics  Research 
Department,  and,  Dr.  G.,  K,  Hartrsann  for  help  in  piannine;  this  project 
at  the  Uaval  Ordinance  Laboratory;  and  to  L.  W.  Slix'er,  Jr.,  and 
J.  F.  Moxilton.  Jr.,  I'or  their  many  contributions  tbrou<:;hout  the  conduct 
of  this  investigation  and  for  their  critical  exiiminabion  of  thxs  final 
report , 

Special  appreciation  is  expressed  to  jSe  others  who  served  in 
the  field  operations  at  the  Nevada  Test  S  'e  for  their  whole-hearted 
cooperation  in  successfully  completing  the  field  experiaients  unaer 
adverse  circumstances: 

J.  F.  Moulton,  Jr.,  frojcct  Ox’ficer 

C.  L.  Karmel,  Administration 

J.  d.  berry.  Group  Leader 

d,  d.  Burk  S.  Lecater 

W,  H.  Hart  L.  A.  Lohr 

R.  A.  Klaasse  L.  W,  Slifer,  Jr. 


During  the  field  operations,  the  project  was  ably  assistea  by 
1-Bij.  H.  T.  Bingham  and  CDR.  W.  M.  McLelion,  Directors  of  Frogram'S  L  and 
3,  respectively,  and  by  Li,  Col,  J,  J,  Haley,  Chief  of  the  Field 
Requirements  branch.  Dr.  m.  B.  Doll,  Technical  Director  of  the 
Military  dti'ects  Group,  prr  eided  general  aoministrative  and  technical 
support. 


This  WT  i^eport  also  carries  the  Naval  Ordnance  Laboratoiry  number 


liOJFc  1219. 
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Part  1  Field  Test 


Chapter  I 

INTRODUCTION 

1.1  OBjacTunss 

The  specific  objectives  for  Project  1.12  on  Operation  Teapot  were 
designed  to  fit  within  the  framework  of  test  conditions  set  up  for 
Shot  12,  ij3i22-kt  yield  detonation  fired  on  a  hOO  foot  tower),  while 
keeping  in  mind  the  wind-tunnel  and  shock-tube  facilities  avails^  le 
for  laboratory  experimentation.  The  pi*oject  objectives  were  to: 

1.  Develop  a  three -component  force  gage  suitable  for  measiirement 
of  transient  loads  on  simple  geometric  bodi^  s  exposed  to  air  flow  in 
an  atomic  blast,  shock  tube,  or  wind  txmnel. 

2.  Obtain  drag  force-time  measurements  on  simple  geometric  tar¬ 
gets  exposed  t<*  atomic  blast  in  three  different  areas— a  thermally 
absorbing,  nondusty  asphalt  area;  a  thermally-reflecting,  clean,  ideal 
water  area;  and  a  thermally-absorbing  dusty  desert  area— these  measure¬ 
ments  to  be  compared  one  with  the  other  to  establish  the  significance 

of  changes  of  ambient  mediimi  on  force  loading  of  struetxuws. 

3.  Correlate  the  HOlHseasured  forces  with  the  dynamic  pressures 
(q)  measured  by  the  Stanford  Besearch  Institute  (SRi)  in  order  to 
obtain  correct  values  of  drag  coefficient  for  specific  geometric 
shapes  in  the  three  regions. 

h.  Conduct  such  shock -tube  and  wind-tunnel  tests  as  laay  be 
necessary  for  correlation  of  laboratory  forces  and  drag  coefficients 
with  those  obtained  in  the  field. 

5.  Reduce  the  force -component  data  to  determine  the  direction  of 
flow  behind  the  shock  front  for  the  full  duration  of  the  blast, 

6,  Instrument  a  6-by-6-by-12-foot  reinforced-concrete  structure 
(3.2  t)  with  2h  pressure-time  gages  distributed  over  the  front,  back, 
side,  and  toj,  surfaces  of  the  structure  in  order  to  assist  Program  3- 

Objective  1  was  a  necessary  step  toward  the  practical  procurement 
oi  blast  loading  data.  Ko  suitable  instrument  existed  prior  to  the 
Teapot  program.  Objective  2  was  of  prime  immediate  importance  to  the 
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cognii-ant  military  and  civilian  agencies  for  determining  the  signii’i- 
cance  of  the  precursor  and  associated  phenomena  as  a  force  or  damage- 
increasing  mechanism.  The  third  objective  was  of  practical  importance 
in  reducing  the  basic  field  measurements  to  such  nondimenoional  form 
as  is  custoTiarily  employed  in  aerodynamic  nomenclature.  This  step  v/as 
necessary  if  scientific  correlation  was  to  be  attempted.  Objective 
was  of  theoretical  and  practical  significance  in  understanding  more 
fully  the  individual  parameters  that  influence  blast  loading  in  the 
clean  shock  and  complex  precursor  regions.  Attainment  of  this  fouirtfa 
objective  presumably  would  lead  to  the  Increased  use  of  laboratory 
facilities  as  tools  for  the  establishment  of  damage  criteria,  obviat¬ 
ing  the  need  for  extensive  full-scale  tests.  Objective  5,  really  an 
extension  of  Objective  2,  was  to  provide  information  supplementary  to 
the  pitch  and  yaw  measurements  of  the  Ssndia  Corporation  (Project  I.IO), 
which  information  fits  into  the  body  of  Tree-field  data  on  the  precursor 
phenomenon.  The  realization  of  Objective  6  was  of  importance  to 
Program  3  for  the  determination  of  pressure  distribution  and  consequent 
force  loading  of  larger  structures  in  the  precursor  region.  In  effect, 
this  experiment  was  conducted  so  that  the  results  could  be  compared 
with  an  identical  experiment  conducted  on  Operation  Upshot-Knothole  on 
the  same  structure.  (The  dd  .  obtained  I'or  this  objective  were 
analyzed  by  a  Program  3  agency.  See  Appendix  A  for  details  of  test 
conditions.) 

1 .2  BACKGROUND  AND  TEBORY 

During  recent  years  there  has  existed  considerable  interest  in  the 
subject  of  air-blast  loading  of  structures  and  the  resulting  response 
due  to  such  transient  loading.  Much  exp^erimental  and  theoretical  work 
has  been  done  in  this  field,  and  considerable  progress  has  been  made  in 
answering  the  military  questions  on  structural  damage  due  to  air  blast; 
but  there  remain  many  unsolved  problems  in  prediction  of  the  damaging 
effects  of  kiloton-range  euid  multimegaton  weapons,  both  from  the  stand¬ 
point  of  improvement  of  military  estimates  and  from  the  standpoint  of 
basic  scientific  knowledge.  The  scientific  areas  of  interest  include 
the  details  of  transmission  and  propagation  of  the  blast  wave  through 
the  existing  medium  or  media,  the  transient  aerodynamic  interaction 
between  blast  wave  and  structure,  the  behavior  of  the  structure  in  res- 
jonse  to  the  loading,  and  the  modes  of  failure  or  collapse  of  the 
structure.  Military  requirements  are  less  detailed  and  consist  princi¬ 
pally  of  the  predictions  of  free-field  phenomena  (static  pressure, 
toaperature,  etc.)  and  their  correlation  in  terms  of  damage  to 
structures. 

Pvugardless  of  whether  one  has  the  military’  or  the  scientific  out¬ 
look,  the  common  simplifying  step  in  handling  the  blast  situation  is 
to  separate  it  into  a  blast-loading  problem  and  a  structural -response 
proDlem.  This  approach  avoido  the  cations  introduced  by  the 

mriations  in  structural  strength  for  similar  external  shapes.  (Two 
structures  may  have  equal  surface  areas  and  shapes  and,  therefore, 

'ilmost  identical  loading  histories,  but  their  responses  may  be  quite 
different  due  to  different  structural  details.)  In  some  cases  this 
simplification  cannot  be  justified,  because  of  the  interaction  o£  air 
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blast  and  target.  For  example,  when  wlndovs  and  wall  coverings  are 
blown  off  early  enough  in  the  loading  history,  the  loading  on  the 
remaining  structural  elements  may  change  significantly.  Also,  there 
is  still  some  question  of  whether  the  transient  motion  of  the  structural 
surface  has  an  aerodynamic  interaction  with  the  blast  (although  pre¬ 
liminary  investigation  in  wind  tiinnels  and  shock  tubes  does  not  indicate 
any  change  In  loading  due  solely  to  vibratory  motion  of  the  target). 
However,  in  most  cases,  one  may  separate  the  .iuxiag  and  response 
problems  for  individual  study. 

Structural  design  is  an  old,  well-established  field.  It  has 
recently  been  extended  by  N.  M,  Newmark  of  the  University  of  Illinois, 
and  others,  to  include  the  effects  of  transient  loads  occasioned  by 
nuclear  detonations.  The  present  state  of  the  analytical  techniques  is 
such  that,  knowing  the  time  history  of  the  forces  on  the  structure,  one 
may  predict  response  or  failure  with  sufficient  accuracy  for  military 
needs  (References  1  to  3)*  For  this  reason,  although  research  is 
continued  on  the  modes  of  response  and  failvtre  of  structures,  the 
present  emphasis  has  been  placed  on  improvement  of  estimates  of  the 
loading  function. 

Hi'iough  Information  has  been  accumulated  through  field  tests, 
shock-tube  studies,  and  wind-tunnel  experiments  to  enable  one  to 
present  a  generalized  picture  of  the  loading  for  any  structure.  Without 
considering,  for  the  moment,  the  characteristics  of  blast  and  target 
which  may  affect  the  loading  pattern,  the  usual  loading  history  (see 
Figure  l.l)  may  be  described  as  consisting  of  three  phases:  (l)  dif¬ 
fraction,  (2)  transition,  and  (3)  psuedo -steady  drag, 

1.  The  diffraction  phase  of  the  loading  history  has  been  found 
experimentally  to  be  of  relatively  short  duration:  of  the  order  of 
two  or  three  transit  times  (^rtiere  the  transit  time  is  the  time  for 
the  shock  front  to  engulf  the  target) .  However,  in  spite  of  the 
short  duration  of  the  load,  diffraction  loading  may  be  significant 
because  of  the  extremely  high  amplitude  of  the  forces  (relatively). 

The  pressures  experienced  on  the  surface  of  the  target  are  initially 
equal  to  shock-wavc-reflected  pressure,  which  is  at  least  double  the 
side-on  overpressiure. 

Consider  a  6-foot -diameter  smokestack  being  loaded  (flow 
normal  to  axis  of  cylinder)  by  a  clean  shock  (no  inhomogeneities  in 
the  air)  of  10  psi  overpressure.  For  ambient  conditions  of  lh,7  psi 
and  1,130  fps  sound  speed,  ideal-shock-front  velocity  and  reflected 
pressure  are  calculated  as  1,^^20  fps  and  25,3  psi,  respectively.  The 
load  in  the  direction  of  the  blast  builds  up  from  0  to  21,000  pounds 
for  each  foot  of  stack  height  (25.3  X  ihk  X  6)  in  about  one-half 
transit  time  (transit  time  *  6/l420  ■  h,22  msec)  and  decays  within 
about  three  transit  times  (12.66  msec)  to  the  relatively  low  load 
values  of  the  transition  phase  indicated  in  Figure  1,1,  (Note  that 
these  durations  and  peak  loads  are  based  on  shock-tube  studies  on 
circular  cylinders.) 

2.  The  transition  phase  represents  the  period  between  the  high 
load-diffraction  phase  and  the  low-amplitude  drag  phase.  In  the 
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transition  aone,  load  is  noi  proportional  to  the  reflected  pressure, 
nor  is  it  proportional  to  the  dynamic  pressure  of  the  drag  phase.  The 
duration  of  this  period  is  the  subject  of  some  discussion  (for  example, 
see  Eeferencfe  4-)  and  may  run  from  about  20  to  more  than  100  transit 
times. 


3.  During  the  pseudo-steady-drag  period  of  the  loading  history, 
the  blast  wind  (motion  of  the  fluid  particles  behind  the  shock  front) 


Figure  1,1  Loading  History  of  a  Structure. 

is  considered  to  have  the  same  loading  effect  as  the  flow  in  a  wind 
tunnel  (force  equal  to  the  product  of  dynamic  pressure,  an  empirically 
deterained  drag  coefficient,  and  the  projected  area  of  the  target). 

The  "pseudo-steady"  nomenclatvure  is  used  because  of  the  decaying  nature 
of  the  blast  wave,  ail-though  the  flow  changes  in  the  decaying  wave  are 
not  fast  enough  to  constitute  a  transient  aerodynamic  situation.  (How 
gradual  these  flow  changes  must  be  to  permit  the  pseudo -steady  con¬ 
dition  to  obtain  has  not  been  established.)  For  those  bodies  (such 
as  circular  cylinders)  which  have  irregxilar  loading  histories  in  a 
steady  stream  due  to  self-induced  vortex  effects,  the  criterion  of 
steadiness  is  whether  the  fluctuations  of  load  are  periodic  and 
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whether  ae  average  load  can  be  determined  easily  by  drawirig  a  line 
throxigh  the  oscillations. 

For  the  example  of  the  6-foot -diameter  smokestack  considered 
above,  the  drag  load  would  be  1,920  pounds  per  foot  of  stack  height 
(dynamic  pressure  of  2.22  psi  times  drag  coefficient  assmed  equal 
to  1.0  X  6  ft  X  lJi-4),  Although  the  peak  drag  load  is  less  than 
10  percent  of  the  peak  diffraction  load,  the  drag  phase  lasts  for  the 
remainder  of  the  incident  blast  -ave  and  can  be  of  major  structural 
significance. 

To  sixmoarize  the  loading  history  of  the  6-foot-aiameter 
smokestack  (Figure  l.l),  the  load  ouilds  up  in  about  2  msec  to  about 
22,000  pounus  per  foot  of  s+ack  height,  drops  rapidly  (within  about 
13  msec)  to  seme  ur  itead  j  ad  m  the  neighborhood  of  2,000  pounds 
per  foot  and  then  ?  ss’-  a  slower  and  more  steady  decay  rate  in  100 
to  400  msec,  follow  ?  blast  decay  to  zero  in  a  second  or  two 

(depending  on  boml"  sx. 

The  question  o.  /hich  phase  of  the  loading  history  has  most 
significance  depends  on  the  structural  and  aerodynamic  characteristics 
of  the  target.  To  illustrate,  consider  the  same  smokestack.  It  would 
be  called  a  diffraction  target  if  it  failed  within  about  15  or  20  msec, 
since  the  major  loading  contribution  would  have  come  from  the 
diffraction  phase.  K  the  stack  collapsed  after  ICO  or  200  msec,  one 
woiild  be  compelled  to  consider  it  a  drag  target,  since  the  effects  '-f 
the  diffraction  phase  were  long  past  when  failure  occurred.  JSbcactly 
x^hen  the  stack  collapses  is  mostly  a  fvmction  of  the  natxjral  period 
of  the  stack  in  its  mode  of  failxire  (including  effects  of  plasticity, 
etc.}.  The  natural  period  woxild  have  to  be  less  than  about  50  xnsec 
(20  cps  nat.  freq.)  for  the  stack  to  be  a  diffraction  target,  and 
several  hundred  milliseconds  (about  2  or  3  cps)  for  it  to  be  a  drag 
target.  Since  the  natural  period  of  a  smokestack  of  6-foot  diameter 
depends  on  its  height,  its  xfall  thickness,  and  its  materials  of 
construction,  it  is  not  jxiatifiable  to  classify  all  6*foot -diameter 
smoke  stacks  as  either  drag  targets  or  diffraction  targets. 

Some  generalizations  may  be  made  with  respect  to  target 
classification,  hoxjnever,  since  most  structures  In  common  use  have 
design  features  that  are  relatively  fixed,  depending  upon  the  function 
of  the  structxire.  For  example,  structural  materials  are  usually  steel, 
concrete,  or  xrood;  the  periods  of  most  factory-type  structures  vary 
between  100  to  500  msec,  etc.  Based  on  such  engineering  experience, 

N.  M.  Newmark  (Reference  5)  has  considered  all  factories  to  be 
diffraction  targets  if  their  window  area  is  less  than  20  percent  of  the 
xiall  frontal  area  and  drag  targets  if  the  window  area  exceeds  60  percent. 
Bridges  are  conceded  to  be  drag  targets,  since  the  diffraction  phase 
for  each  individual  beam  and  girder  is  of  negligibly  short  duration. 
Aside  from  such  few  obvious  cases  which  can  be  classified  readily, 
there  are  many  structural  types  of  importance  which  cannot  be  distinctly 
categorized,  and  £or  this  reason  continued  research  efforts  in  all 
phases  of  blast  loading  are  warranted. 

To  date,  the  greater  part  of  the  progress  in  understanding 
blast  loading  has  been  made  on  the  diffraction  phase  of  the  loading, 
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figure  5*20  Force-Tiue  Hecords  in  Thrae  Cot.],  orient s  for 


Fiyure  3.21  Force -Time  Records  in  Three  Cocivonents  for 
Gaee  D-3-P3. 
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Figure  3.22  Force -Time  Record®  in  Three  Components  for 
Gage  D-3“S3» 


Figure  3*2^  Fcrce-Tliae  Records  in  Tbree  Conponents  for 
Gage  D-3-Fo^®* 


60 

CONFIDENTIAL 


tits  s-t  -FS 


63 

CONFIDENTIAL 


“Wg  ■  • 


Fx^ure  3.29  Force -Time  Records  in  Three  Coe^nents  for 
Gage  A-2-P3. 
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Figure  3. 31  Force -Time  Record*  in  Three  Components  for 
Gage  A-2-P10. 
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Figure  3,35  Force-Time  Records  in  Two  Components  for 
Cylinder  Gage  at  3,500-foot  Desert  Station, 


there  eppeere  to  be  more  oaeiUetion  on  the  X  and  Y  records  then  on  the 
Z  coeponent,  the  net  force  on  noet  records  is  either  negligibly  small  or 
zero.  These  osciUstions  sre  probably  due  to  sting  "ring**  If  a  pitch 
or  yav  coiq?onent  of  force  as  little  as  5  to  10  degrees  vas  present  in 
the  forcing  function,  the  gages  should  have  responded  with  adequate 
signal,  since  the  three  sensors  of  each  gage  had  approximately  the  same 
sensitivity  (especially  since  the  laboratory  tests  produced  a  much 
higher  indicated  pitch  angle,  measured  frc«i  the  force  ccmiponents,  than 
that  actually  existing  between  flow  and  sting  axis).  Some  records, 
however,  show  what  appear  to  be  abnormally  high  X  and  Y  signals;  possibly 
due  to  local  flow  inhomogeneltles.  It  should  be  stated  again  that 
scouring,  dents,  and  holes  are  generailly  distributed  symmetrically  around 
the  Z  axis  on  the  front  hemispherical  shell.  Sonte  dents  and  scratches 
on  the  top  back  half  of  the  spheres  are  possibly  due  to  the  downward 
phase  of  missile  trajectories. 

The  relative  degree  of  denting  and  scouring  of  the  sphere  shells 
has  been  noted,  since  it  may  thus  be  possible  to  deduce  some  infor¬ 
mation  as  to  the  heterogeneity  of  the  blast -propagating  medium.  The 
similar  gages  at  the  2,;^-foot  radial  distance  in  the  dusty  desert 
region  (O-l)  and  the  asphalt  region  (A-l)  were  equally  and  severely 
abrs^d,  dented,  and  punctured;  the  nusber  and  size  of  dents  and  degree 
of  scouring  are  essentlsdly  the  saa&e. 

An  experimental  l/4-inch-thlck  Fiberglas  plastic  covering  was  used 
on  the  B-l-PlO  sphere.  This  covering  showed  good  impact  resistance  with 
no  shell  punctures,  although  the  alumlnvaai  shell  under  the  plastic  cover 
was  dented  and  the  plastic  cover  sxaffered  a  few  deep  gouges  and  con¬ 
siderable  skin  abrasions. 


For  the  same  radial  distance  in  the  water  area  (V-l),  only  a  few 
Isolated  dents  appear  on  the  sphere  shells,  and  only  the  3A6-lnch 
deep  dent  on  V-1-S3  is  of  any  significance.  There  was  no  appreciable 
scouring  of  the  spheres  in  this  water  area. 

At  the  two  stations  at  3^000  feet  on  the  asphalt  (A-2)  and 
desert  (D-2)  areas,  the  sphere  shells  suffered  considerably  ijss  denting 
and  abrasion  than  did  those  at  2,^  feet  in  these  same  areas.  Although 
there  were  a  few  more  dents  in  gagea  in  tha  asphalt  area  (A-2)  than  in 
the  desert  area  (D-2),  the  dsgree  of  abrasion  was  about  the  same. 

Outside  of  a  few  insignificant  scratches,  there  was  no  damage 
sustained  by  the  gages  at  the  4,500-foot  D-3  station.  It  should  be 
noted  that  all  gages  in  the  asphalt  area  were  completely  coated  with 
a  thin,  black  layer  of  asphalt  during  the  shot. 

The  arrival  times  of  the  force  functions  at  the  different  gages 
and  stations  are  listed  in  Table  3.1.  It  is  evident  that  over  the 
thermally-absorbing  asphalt  area  the  shock-front  velocity  was  con¬ 
siderably  greater  than  over  the  water  surface  and  the  desert  stirface, 
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the  velocity  being  lowest  over  the  water.  The  average  arrival  rS^es 
at  each  station  are  in  excellent  agreement  with  the  8BI  arrival 
data  for  corresponding  stations. 

3.4.2  Cylindrical  Force  Gage.  The  experimental  cylinder  gage, 
placed,  at  3 >^00  feet  along  the  desert  line,  produced  clean  records 
(Figure  3.35)  devoid  of  extraneous  oscillations  and  irregularities. 

The  magnitude  of  the  force  in  the  headon  Z  component  (70  pounds}  is  In 
the  expected  range,  aQ.though  soanewhat  high.  The  Y  component  appears 
large  for  a  station  located  in  what  should  be  a  clean  Mach  region. 

Ho  conclusions  are  drawn  regarding  the  significance  or  vaOLldlty  of 
this  one  record,  since  practical  design  difficulties  prevented  an 
effective  field  calibration  of  the  gage.  Arrival  time  of  the  force 
signal  at  this  station  agrees  well  with  SRI  date. 

3.^  DRAG  COiaFFICIEaiTS 

Up  to  this  point  the  force  records  have  been  presented  more  or 
less  as  obtained,  with  no  attes^pt  made  to  correct  for  pressure  effects 
on  gage  performance  and  with  no  attenqpt  to  calculate  and  compare  drag 
coefficients.  The  main  reason  for  not  trying  a  more -refined  approsush 
was  that  the  condition  of  each  gage  was  unknown  as  regards  pressure 
leakage  to  the  interior  of  the  shell  (see  Section  2.3).  Prior  to  the 
field  test  the  necessity  of  knowing  the  leakage  characteristics  of 
each  gage  was  not  realized,  and  no  laboratory  tests  were  made  to  check 
this  performance  feature.  Itost  of  the  gages  were  damaged  during  the 
test;  therefore,  only  three  3*1Qc4  gages  were  checked  for  leakage  in 
the  laboratory  after  the  field  test.  Two  of  these  gages  were  effectively 
sealed,  but  the  third  gage  leaked  badly.  The  10-lnch  gages  had  been 
vented  deliberately  (approximately  1  Inch  of  the  annular  Pliobond 
seal  left  off  at  the  top  of  the  sting)  for  field  use,  and  it  was 
assumed  that  base  pressure  leaked  in  through  this  opening.  Ho 
evaluation  was  made,  however,  of  the  dynasiles  of  the  leakage  process, 
and  no  "time  constant"  was  estimated  for  the  10-lnch-gage  leakage. 
Altho\igjh  the  punctured  shells  permitted  rapid  leakage,  the  force 
records  do  not  conclusively  indJ.eate  the  time  of  occurrence  of  the 
punctvures.  In  light  of  the  above  remarks,  the  conclusion  to  be 
reached  appears  to  be  that  some  of  the  gages  were  well  sealed  for  long 
durations  (in  which  case  Biuatlon  2.1  Is  applicable),  others  were 
sealed  for  only  a  short  part  of  the  shock-wave  duration  (because  of 
slow  leaksge  through  the  seal  or  because  of  puncturing  the  shell 
during  the  blast) ,  and  still  others  leaked  rapidly  enough  to  be  con¬ 
sidered  unsealed  (in  which  cose  Biuatlon  2.2.  Is  applicable). 

The  force-time  records  themselves  provide  some  information  on  the 
conditions  of  the  gages  in  the  field  as  regards  leakage.  Figures  3.36 
through  3.42  consist  of  smoothed  records  of  force-time,  with  corres¬ 
ponding  curves  of  C^-tlme,  based  on  SRI  q-time  and  P  -time  values. 
Wherever  there  are  two  force-time  curves  on  one  plot”  the  txpper  curve 
represents  the  raw  force  data  (smoothed  from  Figures  3 through  3.14) 
and  the  lower  curve  represents  the  corrected  force  values  for  a  sealed 
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GAGE  NO.  6-  to*  400  LBS 


rigvire  3  •‘to  Pressures,  Force:*,  and  Brag  Coefficients  st 
2, 500-foot  Desert  Station. 


P*  (PS:) 


Flewo  S***!  Pressures,  Forces,  and  Drag  Coefficients  at 
3,000-foot  Asphalt  Station. 
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gage.  The  lower  cunre  wens  canitted  wberevsr  the  preeaure  correction 
resulted  in  negative  values. 


Some  75  percent  of  the  3-inch~gage  records  could  he  adjusted  with 
positive  force  curves  resulting^  but  this  does  not  necessarily  mean 
that  75  percent  were  perfectly  sealed.  On  the  cortrary,  since  all 
3 -inch  gages  were  prepared  alike,  the  fact  that  2^  percent  were  leaking 
excessively  could  lead  to  the  conclusion  that  all  were  leaking  some¬ 
what  .  For  this  reason  It  was  concluded  that  the  beat  one  could  do  was 


TIME  (MILLtSECOMDS) 


Figure  3,1*2  Pressures,  Forces,  and  Drag  Coefficients  at 
2,500-foot  Water  Station. 


use  tbfc'  values  between  the  raw  force  data  and  the  corrected  data,  even 
though  vbe  epreed  may  be  too  large  for  anything  but  ordmr -of -magnitude 
estiioates . 


Since  the  10-inch  gages  were  intenti'>Dally  left  to  external 
pressure,  one  could  apply  the  pressure  correction  for  c  vapidly 
leaking  gage  end  use  the  results  for  with  a  maxUvmi  error  of  t  o.l. 
The  curves  of  C--tlme  for  gages  with  gage  numbers  oi'  8  or  lower  ~ 

( 10-inch  gages  )"are  thus  believed  to  indicate  values  correct  to 
within  +  0.1.  Since  it  was  not  expected  that  corx’espordence  of 
with  P  would  be  likely  for  a  nonhomogeneous  shock  wave  (due  tv 
dlfferSnces  in  dust  particle  size,  density,  and  velocity;,  an  ".tteaqpt 
was  made  to  correlate  C-  for  the  10-inch  gages  with  pressure  level; 
all  P  and  Cj.  values  were  taken  at  20  msec  after  shock  arrival  which 
ia  prior  to  the  arrival  of  the  dust  cloud.  The  C_  v'-lue*^  ‘need 
between  0,1  and  0.8  with  no  obvious  correlation  betwswf.  and  P^. 
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The  lack  of  cozrelatlon  could  be  due  to:  (1)  nonunlfom  gage  leakage 
in  20  msec,  (2)  overdecqped  gages  (several  of  the  gages  later  checked 
in  the  laboratory  vere  found  to  be  overdsogped)  creeping  back  fron  a 
diffraction  spike  (see  Chapter  6)^  (3)  the  unsteeuSy  nature  of  the 
transition  phase  and  "pseudo-steady”  drag  phases  (20  nsec  represents 
about  3^  transit  times  for  the  10-lnch  sphere  In  a  blast  at  moderate 
overpressures),  or  (4)  other  reasons  discussed  below. 

Another  coeqpelllng  reason  for  discounting  the  significance  of 
the  Cq  values  obtained  on  the  field  test  la  based  on  the  fact  that 
the  q'^data  obtained  appear  to  be  questionable,  aasd  calculations  of 

TABLK  3.2  -  Coinp»rl«on  of  Peak  Values  of  q  Meaeured  by  Severs?  Agneeies* 


Water 

Asphalt 

Deecrt 

2COO  ft 

2W  ft 

3OOO  ft 

2000  ft 

3000  ft 

2000  ft 

2TO  ft 

3000  ft 

Project  1.10 

SRI 

(Pitot  Oage} 

35 

*«U.6 

2.9 

17 

10 

0.68 

mm 

Project  1.11 
Sendle 
(Stx>b  Gage) 

0.5 

^.0 

— 

9.5 

■ 

21 

H 

iToJect  l.ll* 

BRL 

(Dlatibreg® 

Gage) 

35 

... 

2.9 

16 

P.5 

B 

US 

B 

Average 

25.5 

•*.3 

2.9 

llt.2 

7.5 

1.2 

36.3 

10,7 

*A11  MSSureaentt  at  3-^  height 
**7.U  (tl  spike  saK>othad  to  U,6  pel 


hats  taken  frosi  prsllalnary  reports  listed  bslov:  also  fron  final  figures  where  available: 

SRI  -  "Operation  TXAPOT  Prsllalnary  Report  -  Project  1.10  -  Air  Blast  Overiressure  and 

Cyoaalc  Pressure  Over  Various  Surfaces''lTR  -  1109>  L.  M.  Swift,  D.  C.  Sachs,  May  1933 

Sandla  •  "Operation  TSAPOT  Prsllalnary  Report  -  Project  1.11  -  Special  Measuremnts  of 

Dynaalc  Pressure  vs  Tlas  and  Distance"  ITR  -  1110,  J.  R.  Banister,  t.  U.  Shelton,  May  l'>33 

BRL  -  "Operation  TfAPOI  Preliminary  Report  -  Basle  Blast  Measur.)aents  for  Irojects  l.lba, 

3.1  and  3.10"  ITR  -  U35,  *.  J.  Bryant,  *.  H.  Bthrldge,  J.  U.  Keefer,  May  1935 


i,  jmtA  upon  them  directly,  a«  indicated  In  the  fomulvi  C.  ■  F/qA. 

Table  3*2  preients  a  comparison  of  peak  values  of  q  measwed  by  Projects 
1.10,  1.11,  and  1.14,  the  peaks  not  necessarily  occurring  at  the  same 
time  for  any  one  location.  The  spread  in  these  values  tends  to  confirm 
the  a  priori  sssusqption  that  each  design  of  q  gage  reads  differently 
in  an  inhomogeneous  medivm.  Figure  3*43  provides  the  comparison  in 
vave  shape  between  BRL  and  SRI  q-tlme  records.  The  discrepancies 
between  the  3y000-foot  asphalt  records  of  Figure  3.43  occur  before  the 
dust  cloud  azTivss  at  the  gage  station.  There  is  little  point  in 
computing  with  such  inconsistent  q  data,  unless  one  q  gage  vere 
selected  as  uhe  "Standard  Gage",  in  which  case  the  academic  C-  values 
thus  computed  would  still  have  no  significance  for  any  other  applications. 

The  final  re-ason  for  not  reporting  singular  values  of  is  that 
the  force  gag^  with  a  spherical  model  has  poor  repeatability  when 
used  for  determination  of  Cjj  (as  has  been  discussed  theoretically  and 
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found  experiaeutally  in  th«  laboratory) .  oeed  for  stat ^  sties  is 
found  to  be  iaperative  under  controlled  laboratory  conditions ,  and  it 
becesaes  even  more  necessary  vhen  q  measurenents  staoK  a  great  spread 
free  instrunent  to  instrument.  The  answers  obtained  by  areraging  two 
readings  at  a  station  can  hardly  be  regarded  with  a  high  level  of 
confldexice,  particularly  when  a  shock-tube  experiment  representing 
many  repeated  shots  with  one  gage  may  show  one  standard  deviation 
greater  than  the  average  reading. 

Although  the  above  resisonlng  leads  on>^  to  avoid  the  calculation 
and  reporting  of  drag  coefficients  in  other  than  graphic  form 


Figure  3.U3  Comparison  of  BRL  with  SRI  I^ynamic  Pressure 
Records  for  Shot  12. 

(Figures  3.36  through  3.42),  the  experimental  data  collected  on 
Shot  12  may  be  used  validly  for  comparing  the  relative  effectiveness 
of  blast  loading  over  the  three  areas.  That  is,  the  results  shown  in 
Table  3>1  still  have  the  same  relative  order,  regardless  of  whether 
or  not  the  gages  were  leaking.  Thus  it  is  still  possible  to  compare 
the  military  effectiveness  of  the  blast  over  the  areas,  despite  the 
lack  of  knowledge  of  what  factors  contributed  most  significantly  to 
these  effects. 

3.6  SUM«ABI  OF  RBBUITS 

In  view  of  the  previous  discussion  of  the  significance  of  the 
absolute  values  moasured,  the  results  are  summarised  only  with  the 
purpose  of  making  comparisons  of  the  peak  forces  measured  over  the 
water,  asphalt,  and  dessert  areas  at  equal  distances  from  ground  zero. 
Table  3>1  presents  the  numerical  results;  Table  3.3  presents  the 
results  in  order  of  amplitude  of  force  and  pressure.  For  exaiiq)le,  D-A-¥ 
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Mana  that  the  peak  force  vaa  hi^at  in  the  desert  area,  next  in  the 
asphalt  area,  and  loveat  in  the  water  area. 

For  correlation  with  daaage  to  drag-type  targets,  one  would  expect 
to  use  either  force  values  or  q  values;  the  P  values  are  preeented  for 
comparison  only.  At  2,500  feet  the  forc-i  and®q  values  agree  in  that 
they  both  indicate  the  desert  area  to  be  most  conducive  to  damage,  with 
an  inconclusive  order  for  asphalt  versus  water  area.  At  3,000  feet, 
however,  the  q  gages  have  their  highest  reeding  In  the  water  area, 
while  tlte  force  gages  read  highest  in  the  denert  area.  On  the  basis 
that  the  force  readings  are  one  step  closer  that  the  q  readings  to  the 
desired  indication  of  damage  to  structures,  plus  the  f^ct  that  the  q 
values  obtained  to  date  are  decidedly  sensitive  to  sege  design  and 
are  to  be  questioned  as  to  their  reliability,  the  conclusion  is  reached 


TABU  3.3  -  Coaparlson  ol  Sfttetm  tA  Equkl 
for  Thr««  Atom  (3-foot  tiltiit) 


Fore*  on 

Fore*  on 

Bynaaie 

P, 

3 -in. 

10-in.  Qages 

Freaiure,  q 
(SRI) 

Ru«* 

(XOL) 

(BOL) 

(BRI) 

“*500  ft 

B-A-S 

O-H-A 

S-A-V 

W-D-A 

3W0  ft 

D-A 

D-A 

W-O-A 

W-D-A 

that  the  desert  area  is  most  conducive  to  damage  as  compared  to  the 
other  two  areas.  The  asphalt  and  yater  areas,  on  the  basis  of  existing 
data,  cannot  he  ordered  one  above  the  other  conclusively. 

Agreement  between  BRL  and  HOL  force  records  at  the  2,500-foot 
desert  atotion  is  good  with  regard  to  peak,  force  (BRL  reports  39  pounds 
for  the  3-inch  gage  co^>ared  with  the  4o-pound  HOL  average,  and  74o 
pounds  for  the  lO-izach  gage,  c<mtpared  with  the  650  pound  NOL 
approximation),  hut  there  is  poor  agreement  in  wave  shape,  l.e.,  time 
colneldence  of  peaks.  At  the  other  check  points  at  the  4,500-foot  desert 
station  and  the  2,500-foot  asphalt  station,  the  BRL  recorded  peak 
forces  were  much  higher  than  the  lOL  recorded  peaks.  At  station  D-3, 

BRL  had  peak  readings  of  6.9  pounds  for  the  3-lnch  gage  and  NOL  had 
as  an  average  for  three  3-lneh  gages  I.5  pounds;  at  A-1,  BRL  computed 
193  pounds  peak  force  for  its  lO-inch  gaga  and  NOL,  for  a  similar 
size  gage,  recorded  only  62  pounds.  (The  high  peak  force  readings  of 
the  BRL  gages  smy  have  resulted  from  BRL  gages  being  sealed  better 
than  the  NOL  gages.)  The  BRL  preliminary  report  (ITR-II55)  lists  the 
highest  drag  pressuraa  on  the  desert  lint,  followed  in  descending 
order  by  the  asphalt  line  and  the  water  line*  However,  greater 
vehicle  damage  was  sustained  on  the  water  line  than  on  the  asphalt  line, 
with  maximum  damage  on  the  desert  line  (BRL  Project  3*1).  These 
inconclusive  results  for  asphalt  versus  water  areas,  with  duaty  desert 
area  always  producing  highest  loads,  are  in  general  agreement  with  NOL 
results.  One  la  coaqpellad  to  admit,  however,  that  absolute,  quantitative 
values  of  drag  forces  and  drag  coefficients  as  a  function  of  time  are 
yet  to  be  obtained  with  convincing  reliability. 
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Chapter  4 

CONCLUSIONS  AND  RECOMMENDATIONS 


If.l  CONCLUSIOSS 

The  major  objectives  of  the  Teapot  field  test  were  attained  with 
the  exception  of  that  objective  dealing  with  the  correlation  of  drag 
coefficients,  A  three -coinponent  force  gage  suitable  for  measurement 
of  transient  aerodynamic  loads  on  sting-mounted  models  was  successfully 
developed  and  used  on  Shot  12.  Drag  force-tine  measurements  on  spheres 
exposed  to  a  nuclear  detonation  in  three  different  areas — -a  thermally 
absorbing  asphalt  area,  a  thermally  reflecting  water  area,  and  a 
thermally  absorbing  desert  area— were  obtained  successfully  (59 
records  out  of  '  possible  6l) . 

The  military  effectiveness  of  these  three  different  areas  was 
arrived  at  by  a  comparison  of  peak  forces  at  a  3-foot  height.  This 
comparison  indicated  the  highest  forces  in  the  dusty  desert  area,  with 
lower  forces  in  Inconclusive  order  in  the  asphalt  and  water  areas.  In 
all  three  areas  the  flow  of  air  and  icXid  particles  was  found  to  be 
horizontal  and  in  radial  lines  from  ground  zero* 

The  general  conclusion  is  reached  that  the  forea  on  a  model  as  a 
function  of  time  represents  a  physically  meaningful  property  of  the 
blast  wave.  Vhether  force  is  a  parameter  of  greater  significance  than 
dynamic  pressure  in  the  establishment  of  damage  criteria  for  structures, 
etc..  It  la  yet  too  early  to  say.  neither  the  force  gages  nor  the  q 
gages  respond  to  a  dust -laden  blast  with  readings  which  may  be  used 
readily  at  this  time  for  prediction  of  full-scale  loading  (the  force 
gage  because  of  size  effects,  size  of  model  relative  to  pai^icle  size, 
and  variable  drag  coefficient  and  the  q  gage  because  of  the  size  of  Its 
housing  and  the  size  of  the  saspling  hole) .  Both  types  of  gages 
indicated  the  same  order  of  damage  effeetlveaess  of  the  three  areas  of 
Shot  12,  although  the  force  gage  showed  a  much  greater  percentage 
difference  between  readings  in  the  different  areas.  Pending  further 
investigation  of  the  relative  merits  of  force  and  q  measurements,  it  is 
concludsd  that  both  parameters  have  more  or  less  equal  physical  signif¬ 
icance  with  regard  to  the  damage  process. 

Drag  coefficients  obtained  in  the  field  could  not  be  compared 
legitimately  with  the  shock-tube  and  wind-tunnel  drag  coefficients  for 
the  following  reasons;  (l)  The  condition  of  each  gage,  in  regard  to  the 
leakage  of  pressure  into  the  model,  was  unknown  at  the  time  of  test. 

(2)  The  effect  of  dust  loading  could  not  be  aubtractad  from  the  total 
recorded  force  to  show  the  net  aerodynamic  force.  (3)  The  dyruunlc 
pressure  readings  were  considered  tmreliable.  (If)  The  variability  in 
aerodynamic  loading  of  spheres,  as  indicated  by  extensive  laboratory 
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tests,  is  so  high  as  to  render  the  results  obtained  by  two  or  three 
gages  at  a  station  of  poor  statistical  significance. 

4.2  BfiCCMMSNDATIONS 

Research  into  the  behavior  of  force  gages  and  g  gages  in  clean  and. 
dust -laden  blast  is  recoomended,  starting  with  the  more -obvious 
parameters  of  size  and  shape  of  the  gage  and  the  usvially  significant 
flow  properties,  such  as  dust  particle  size  and  density,  Reynolds 
number,  and  Mach  nvanber.  Part  2  of  this  report  represents  a  limited 
investigation  of  this  type,  and  it  resulted  in  preliminary  information 
on  the  transient  aerodynamics  of  spheres.  Much  more  laboratory  effort 
of  a  similar  nature  is  required  before  the  spherical  force  gage  may 
be  considered  a  reliable  field  Instrument,  likewise,  it  is  recommended 
that  considerable  laboratory  evaluation  of  force  gages  and  q  gages  of 
various  shapes  be  performed  prior  to  use  in  the  field. 

It  is  recommended  that  the  force  gage  models  for  use  with  a  sting 
support  he  improved  mechanically  so  that  the  effect  of  static  pressure 
on  the  force  reading  may  be  compensated.  Of  the  alternative  approaches 
of  either  sealing  the  gage  completely  and  subtracting  the  reading  due 
to  the  external  pressure  from  the  total  reading  or  allowing  a  known 
pressure  to  leak  into  the  gage  emd  thus  perform  an  automatic  subtraction, 
the  latter  is  recommended.  The  basis  for  this  recommendation  is  that 
greater  accuracy  is  expected  when  the  net  reading  is  recorded  than  when 
two  separate  readings  are  recorded  and  then  subtracted. 

Based  on  the  laboratory  experiments,  which  indicated  an  extremely 
high  variability  of  drag  loading  on  spheres,  it  is  recommended  that  the 
spherical  force  gages  be  used  on  field  tests  only  when  a  statistical 
number  of  models  (of  the  order  of  ten)  may  be  mounted  at  each  station. 

Use  of  two  or  three  sphere  models  at  a  station  is  expected  to  result 
in  unreliable  average  values  of  drag  force.  No  reconmendatlon  is  made 
with  regard  to  models  of  other  shape,  although  the  published  data  on 
circular  cylinders  indicates  that  this  shape  also  has  great  variability 
in  its  drag-coefficient  data.  Operation  Redwing  is  expected  to  provide 
Infomatlon  on  the  variability  of  drag  forces  on  spheres,  cubes,  circular 
cylinders,  and  cylinders  of  square  cross  section. 
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Part  2  Laboratory  Investigations 


Chapter  5 

INTRODUCTION 

5.1  OBjaCTIVBS 

The  general  objectives  of  the  program  vere  to:  fl)  obtain  dLrag 
coefficient  vs  time  for  spheres  exposed  to  clean  shock  vaves  with 
various  pressture-time  histories  at  overpressures  up  to  about  25  psii 
(2)  obtain  drag  coefficients  for  spheres  in  steady  wind  tuimel  flow  at 
various  Hach  and  Reynolds  nmbers;  (3)  determine  the  time  required  for 
the  drag  coefficient  to  attain  a  pseudo-steady  value  in  clean  shock 
flow;  and  (h)  compare  the  pseudo-steady  drag  coefficients  obtadned 
in  the  shock  tube  with  those  obtained  in  the  wind  tunnel,  with  the 
previously  published  data  on  drag  coefficients  of  spheres,  and  with 
the  Teapot  field  tests  results. 

These  general  objectives  could  be  made  more  specific  by  listing  the 
individual  parameters  that  may  be  expected  tc  be  important.  One  could 
list  for  purposes  of  investigation  such  items  as  Reynolds  number,  Mach 
number,  shape  of  pressure-time  loading  function,  turbulence,  surface 
rotaghness,  etc.  In  most  cases,  however.  It  was  not  considered  likely 
that  definitive  answers  would  be  obtained  as  to  the  influence  of  each 
of  these  parameters,  due  to  limitations  on  the  extent  of  the  program. 

For  this  reason,  the  objectives  were  defined  more  broadly,  leaving 
the  extent  of  eoqphasis  to  be  placed  on  each  parameter  to  the  discretion 
of  the  investigators.  As  a  result  of  this  method  of  cursory  investiga¬ 
tion  of  many  problems,  the  results  of  this  program  should  be  considered 
of  a  preliminary  nature  pending  further  substantiation  and  elaboration. 

5.2  BACKBROUHD 

The  background  and  theory  of  the  Teapot  drag  force  program, 

Project  1.12,  has  been  presented  in  Part  1  of  this  report,  and  only  the 
salient  features  of  that  discussion  lAich  bear  upon  the  laboratory 
program  will  be  repeated.  Section  1.2  of  Part  1  is  therefore  recommended 
for  a  more  general  background  of  the  drag-loading  problem. 

It  has  been  shown  in  Part  1  that  there  are  eoete  general  problems 
in  prediction  of  drag  loading  which  must  be  solved,  experimentally  or 
theoreticalily,  before  one  may  intelligently  use  the  stbady-atate  wind- 
tunnel  drag  coefficients  for  the  dynamic -blast  situation.  The  general 
parameters  of  amplitude  of  force  and  time  of  occurrence  of  th«s  force  are 
both  significant  in  the  dynamic  damage  process,  unless  one  can  make  the 
simplifying  assvmptlon  that  the  pseudo-steady  drag  force  is  the  only 
Important  factor  for  the  structure  under  consideration.  Since  this 
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assumption  depands  on  the  unsteady  aerodynamics  and,  also,  on  the 
structural  frequency  response,  one  cannot  decide  that  each  specific 
loading  history  may  he  considered  as  a  steady  drag  load  from  the 
structural  point  of  view.  For  evenqple,  for  a  loaiding  pattern  consist¬ 
ing  of  50  transit  tines  for  the  diffraction  and  transition  phases  (see 
Figure  l.l)  followed  hy  the  pseudo-steady  drag  phase,  the  diffraction 
and  transition  phases  would  have  structureO.  significance  to  the 
structure  with  a  10  transit  time  natiural  period,  while  the  drag  phase 
woxjld  he  the  Important  part  of  the  pattern  to  a  structure  with  a  200 
transit  time  natural  period.  Thus  we  note  that  the  drag-loading  problem 
consists  of  two  main  features:  amplitude  of  drag  force  amd  length  of 
time  to  attain  the  pseudo-steady  drag  phase. 

The  problems  of  amplitude  and  time  must  he  studied  for  bodies  of 
many  geometric  shapes,  loaded  hy  blast  waves  of  varied  time  histories, 
before  one  m^  hope  to  attain  an  engineering  "feel"  for  the  blast - 
loading  problem.  The  Teapot  drag-force  program  constituted  a  step  in 
this  direction. 

5.3  OPERATIOHAL  FLAM 

Having  selected  the  sphere  a*»  the  Teapot  model  for  use  with  the 
net -force  gage,  a  survey  was  made  of  the  published  information  on  the 
drag  coefficients  of  spheres.  This  preliminary  survey  provided  back¬ 
ground  information  needed  for  intelligent  design  of  the  force  gage  and, 
also,  served  as  a  basis  for  cosq^arison  with  the  shock -tube  and  wdnd- 
tunnel  drag  data  obtained  on  the  Teapot  laboratory  program.  This  body 
of  data  indicated  that  the  3'’in.ch  and  10-lnch  diameters  selected  for 
the  Teapot  sizes— 3  inches  as  a  small  size  which  could  still  conveniently 
envelop  a  three  component  force  balance  and  10  Inches  as  a  convenient 
large  size  for  purposes  of  scaling— would  he  used  in  flows  which  would 
result  in  Reynolds  numbers  above  the  critical  values,  which  was  desirable 
from  the  standpoint  of  expecting  (hopefully)  stable  flow  and  reproducible 
results. 

This  choice  of  sphere  sizes  resulted  in  definite  limitations  on 
which  facilities  could  be  employed  for  aerodynamic  evaluation  of  the 
spheres.  For  example,  the  ^-by-2K)-cm  wind  tunnel  at  SQL  was  considered 
suitable  for  the  3=isch  b«:t  too  small  for  the  10-inch  spheres.  Besides 
differences  in  size,  the  available  facilities  offered  differences  in 
flow  characteristics  which  were  considered  significant . 

As  a  result,  the  operational  plan  involved  tests  in  two  shock 
tubes  and  two  wind  tunnels  as  follows:  (l)  Ballistic  Research 
Laboratories  (BRl)  24-inch  diameter  shock  tube  for  3-ihch  spheres, 
shock  with  flat-top  of  about  15-m8cc  followed  by  a  decaying  wave;  (2) 
Armour  Research  Foundation  (ARF)  6-foot  diameter  shock  tube  for  3-inch 
and  10-inch  spheres,  peaked  shock  of  about  25-msec  duration;  (3)  Naval 
Ordnance  Laboratory  (NOL)  4o-by-4o-cm  wind  tunnel  for  3-inch  gages, 
blow-down  tunnel  with  several  minutes  duration  of  flow;  and  (4)  David 
Taylor  Model  Basin  (DTMB)  T-by-lO-foot  transonic  wind  tunnel  for  3 -inch 
and  10 -inch  spheres,  continuous  flow. 
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Chapter  6 

INSTRUMENTATION 


The  main  feat  tire  a  of  the  force -gage  sensing  and  recording  system 
are  the  following: 

1.  The  load  on  the  force  gage  produces  a  deflection  of  a  flexible 
member  of  the  gage  structure,  which  changes  the  gap,  (nominally  0.010 
to  0.015  Inches)  between  a  mu-metal  disc  and  an  E-core  inductance  coil, 
thus  changing  the  inductance  of  the  circuit. 

2.  The  inductance  variations  modulate  the  center  frequency  of  a 
Hartley  oscillator. 

3.  This  frequency -modulated  signal  is  tremsmitted  to  a  magnetic- 
tai)e  recorder  or  throtigh  a  discriminator  circuit  to  an  oscilloscope 
for  photographic  recording. 


Further  details  of  the  electrical  design  features  are  available  in  Part  1 
of  this  report  and  in  References  29  and  30* 


The  use  of  inductance  pickups  and  the  associated  recording  equipment 
had  been  well  estab.Mshed  on  previous  operations,  and  the  major  develop¬ 
ment  problems  centered  about  the  mechanical  performance  of  the  force 
gage.  The  following  sections  Me  devoted  to  the  design  of  the  force 
gages,  considering  the  mechanical  problems  of  damping  and  frequency 
response,  and  the  environmental  problems  due  to  the  effect  of  the 
diffraction  phase  of  the  loading,  the  effect  of  the  static  overpressure 
in  the  shock  wave,  and  the  effects  of  dust  in  the  shock  wave. 

6.1  DESIGN  FOR  AERODYNAMIC  FfiiFORMAIICE 

6.1.1  The  loading  Picture.  One  does  not  expect  the  loading  picture 
from  an  ideal  blast  as  shown  la  Figure  1.1  to  be  recorded  faithfully  by 
the  force  gage,  because  certain  physical  limitations  of  the  system  are 
Introduced  as  a  result  of  its  maiss,  inertia,  natural  frequency,  damping, 
etc.  If  the  natural  frequency  of  the  force  gage  (and  recording  instrumenta 
tion)  is  sufficiently  high,  all  details  of  the  loading  history  will  be 
recorded.  Unfortunately,  the  short  duration  of  the  diffraction  spike 
dictates  a  very  high  frequency  for  such  a  gage— much  higher  than  that 
frequency  permitted  by  the  use  of  inductance  elements.  For  example,  one 
may  expect  a  3-inch  inductance  force  gage  to  have  a  natviral  frequency  of 
several  hundred  cycles  per  second,  whereas  a  7>500-cps  natural  frequency 
would  be  required  to  record  the  0.4-m8ec  (about  two  transit  times) 
diffraction  spike  faithfully.  Thus,  throvigh  selection  of  the  inductance 
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pickup  as  the  net -force  sensor,  the  force  gage  vms  made  In*  a.p&b?..e  of 
recording  the  diffraction  phase  of  the  loauling. 

Fortunately,  however,  the  inductance  force  gage  ws  intended  for 
reading  the  drag  phase  only,  and  the  interest  in  the  dii'fraction  loading 
was  limited  to  its  effect  on  the  relatively  3ow-frequency  drag  gage. 

That  is,  even  though  the  drag  gage  is  of  too  low  a  frequency  to  properly 
record  the  diffraction  phase,  this  diffraction  loitding  generally  exerts 
a  considerable  and  undesirable  effect  on  the  response  of  the  drag  gage. 
Consider,  for  example,  a  3-ineh  gage  with  a  naturel  frequency  of  200  cps 
and  1-pound  weight  of  movirg  parts  loaded  by  a  f  let -topped  shock  wave 
of  If  psi  overpressure.  Aa  idealised  loading  picture  (see  Figure  E.l 
in  Appendix  B)  would  typically  consist  of  a  diffraction  spike  with  a 
I^eak  load  of  poimds  (reflected  pressure  of  about  8  psi  multiplied 
by  cross  section  of  7*07  in.*^),  lasting  about  O.^f  rit*ec  (two  transit 
times )j  followed  by  a  constant  drag  force  of  0.53  pounds  (drag  . 

coefficient  of  0.2  multiplied  by  q  of  0.375  Psi  multiplied  by  7.07  in.^ 
area) .  The  analysis  of  Appendix  B  considers  the  diffraction  spike  so 
short  in  duration  that  the  low-frequency  force  gags  sees  it  as  an 
initial  impulse;  in  this  example,  the  value  of  the  impulse  would  be 
about  0.0113  lb-sec  (56.5  pounds  multiplied  by  O.OOOh  seconds  multi¬ 
plied  by  a  form  factor  of  about  0.5  for  the  pulse  shape),  or  equal  to 
an  initial  velocity  of  0.364  ft/sec  IO.OII3  lb-sec  divided  by  a  weight 
of  1  pound  multiplied  by  32.2  ft/aec).  Entering  Figure  B.4  of 
Appendix  B  with 

^  ^o^^o  =•  (2f»)(20C)(0.364)/(0.53)(32.2)  »  26.8 

and  with  n/u>  ■  0.7  for  a  well-dangped  gage,  readWy  /V  *  0.48. 

The  pes^  response  of  this  drag  gage  would  then  be  6.o'p8und8  (peak 
force 

fe?  »  0.43  X  2flrx  200  X  0.364/32.2), 

compared  with  the  constant  drag  load  of  0 . 53  pounds .  The  drag  gage , 
in  this  case,  would  record  a  spike  of  6.6  pounds  amplitude  which  would 
last  about  hsdf  of  the  natural  period  of  the  gage  (for  this  exeuoqple, 
the  spike  would  be  over  in  about  2.5  msec),  then  several  oscillations 
about  a  0.53-pound  centerlins,  and  finsdly  a.  constant  reading  of  O.53 
pound  for  the  rest  of  the  duration  of  the  4-psl  flat  top. 

Appendix  B  presents  the  analysis  of  the  low-frequency  system 
loaded  by  a  short -duration  impulse  and  then  a  step  function.  This 
analysis  would  appear  to  indicate  that  the  approach  to  be  followed  in 
order  to  eliminate  the  high  diffraction  spike  and  subsequent  oscilla¬ 
tions  would  be  to  use  a  very-low-frequeney  gage,  since  this  would 
sharply  reduce  the  solitude  of  the  diffraction  spike.  Unfortunately, 
however,  such  a  gage  would  not  be  suitable  for  use  in  the  available 
shock  tubes,  due  to  the  limited  duration  of  flow,  and  the  oscillations 
following  the  diffraction  spike  would  last  m-  ^;h  longer  (rince  each 
oscillation  is  about  at  gage  frequency),  thus  tending  to  obscure  the 
transition  phase  fer  a  longer  tliw.  As  a  result  of  these  and  other 
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considerations,  the  force-gs^e  frequencies  were  kept  as  high  as  was 
permitted  by  the  inductance  pickup  Aeaign,  and  all  leading  effects  were 
studied  with  a  selection  of  gages  of  various  frequencies. 


Several  constructive  conclusions  were  reached  as  a  result  of  the 
analysis  of  Appendix  B.  First,  it  was  deduced  that  spuriously  high 
drag  records  would  result  from  an  over'damped  gage,  s.  nee  the  flat-top 
portion  of  the  record  would  be  obtained  while  the  gage  was  creeping  back 
from  its  diffraction  spike.  Second,  it  was  decided  to  provide  mechemical 
stops  to  prevent  excessive  deflection  in  response  to  the  diffraction 
phase.  As  to  the  possibility  of  usirig  drag  gages  for  obtaining 
information  on  the  diffraction  phase.  It  appears  that  the  only  significant 
data  readable  is  the  Impulse  of  this  phase.  Since  this  reading  depends 
heavily  on  the  degree  of  damping,  this  type  of  data  cannot  be  ejq«oted 
to  be  accurate,  and  it  appears  desirable  to  use  other  gages  or  other 
methods  for  obtaining  diffraction  data. 


6.1.2  The  Drag  Phase.  After  the  effects  of  the  diffraction  phase 
ot  the  loading  have  been  suppressed  through  the  use  of  mechanical  stops 
and  damping,  the  force  gage  may  be  expected  to  attain  some  steady 
deflection  due  to  drag  loading.  Both  for  purposes  of  gage  design  and, 
also,  in  order  to  correlate  the  results  of  the  Teapot  effort  with  previous 
aerodynamic  data,  a  thorough  literature  search  was  made  for  information 
on  drag  coefficients  of  spheres,  on  the  unproved  assumption  that  those 
steeidy-state  drag  coefficients  would  be  applicable  ‘‘•o  the  psendo-etsady 
dreg  phase. 

Drag  coefficient  is  a  dimensionless  number,  defined  as  follows; 

(6.1) 

where  F  is  the  total  force  exerted  by  the  airstream  on  the  body  in  the 
direction  of  the  flow,  A  is  the  maximum  cross-sectional  arga  presented 
to  the  flow,  and  q  is  the  dynamic  pressure  equal  to  l/2^u‘^.  It  should 
be  noted  that  for  subsonic  flow  (the  Teapot  laboratory  experiments 
extend  up  to  about  M  ■  0.7)  the  stagnation  pressure  P  . ,  the  static 
pressure  Ps,  the  dynomlc  pressure  q,  and  the  local  Macn  number  M 
related  by  the  following  expression  valid  for  an  ideal  gas  with'/*  l.U: 

^st  '  Pg  *  <1  +  M^/l600  + . )  (6.2) 


The  percentage  difference  between  q  and  P^.^  -  P^  is  equal  to 
K^/k  +  M^/lfO  +  H^/x600  +  .... 


Shock  Wave  Overpressure,  Ps  M 


10  psi  0.36 
20  psi  0.58 
30  psi  0.7** 


enee  between  q  and 

3.2  i 


Since  the  tests  extended  only  up  to  about  M  ■  0.7^,  the  error  introduced 
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the  caleulstlon  for  C_  by  usiisg  uncorrected  Rankine-Eugoniot  q  vas 
considered  acceptable* 

Without  going  Into  the  BAtbematlcal  and  physical  backgxround  of 
comi  38Bible  flow  past  a  sphere,  one  may  search  the  literature  and 
c  imply  list  the  significant  physlceGl  paraaieters  of  flow  and  model  which 
t^fect  the  drag  coefficient.  Although  the  older  literature  on  wind- 
tunnel  and  free -flight  performance  of  spheres  Indicated  that  the  single 
flow  parameter  defining  the  drag  coefficient  was  Reynolds  number.  May 
and  Witt  (Reference  32)  recently  recognized  the  dependence  of  Cjj  on 


Figure  6.1  Estimated  Drag  Coefficients  of  Spheres  as 
Function  of  Mach  humber  and  Reynolds  Number. 

Mach  a*  well  as  Reynolds  number.  This  additional  parameiter, 

however,  still  fails  to  remove  the  tre.jendou8  amount  of  scatter  of  the 
wlnd»t«cnt3  and  fret -flight  cata,  which  Is  believed  due  to  the  sensitivity 
of  the  sphere  to  turbulence  in  the  flow  and  to  miscellaneous  Influences 
such  as  model-svirxac 3  conditions,  stlng-slze  effects  and  method  of  support, 
and  e/en  the  possibility  of  eflects  due  to  rotation  of  the  free-f light 
sphere. 

r’igure  6.1  is  a  roiig’^-  aummar/  of  the  available  data  on  drag  coef¬ 
ficient  of  spheres,  lump  g  together  information  on  sting -supported 
spheres,  free-f light  spheics,  etc.  The  superimposed  curves  represent 
the  8h->CjC-wave  nredictlons  for  the  3-lnch  and  10-inch  spheres,  the 
number,  on  theeo  cur  res  being  the  side -on  overpressures  of  the  shock 
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wave.  Since  the  published  data  on  drag  coefficients  of  spheres  proved 
to  be  so  scattered  and  nonreproducible  and  did  not  include  systematic 
stucLi.eB  of  the  effects  of  such  parameters  as  sting  size^  surface 
roughness,  etc,,  it  was  decided  that  all  effects  would  be  related  to  the 
particular  modeis  used  during  Operation  Teayct.  In  other  words,  com- 
pau:i6ons  of  wind-tunnel,  shock-tube,  and  field  data  would  relate  to  the 
identical  models  of  uniform  surface  conditions,  uniform  ratio  of  sting 
diaurater  to  sphere  diameter,  and  uniform  scaled  sting  length;  therefore. 
Figure  6.1  is  of  value  only  for  orders  of  magnitude  and  for  indications 
of  the  qualitative  affects  of  Mach  number  and  Reynolds  number. 

Note  the  rather  sudden  drop  in  the  drag  coefficients  in  Figure  6.1 
(for  the  lower  Mach  numbers)  in  the  range  from  R  =  lo5  to  R  =  3  X  105. 
This  region  is  termed  the  critical  Reynolds -number  region,  and  it  marks 
the  transition  from  laminar  flow  to  turbulent  flow  in  the  boundary  layer 
about  the  sphere.  The  instability  of  the  flow  In  this  region  is  such 
that  many  parameters  ot*  the  flow  and  the  model  exert  a  considerable 
influence  on  the  drag  coefficient.  For  example,  increasing  the 
turbulence  in  the  flow  or  roughening  the  surface  of  the  model  have  the 
effect  of  shifting  the  entire  curve  of  drag  coefficient  versus  Reynolds 
number  in  the  critical  region  to  the  left.  Since  any  small  shift  on 
this  steep  curve  resui.ts  in  a  large  change  in  drag  coefficient  at  a 
fixed  Reynolds  number,  it  is  apparent  that  any  small  change  in  test 
conditions  can  cause  a  large  change  In  the  drag  coefficient  measured. 
Thus,  the  test  setup  with  epparei.tly  well-controlled  test  parameters 
may  easily  yield  a  large  scatter  of  drag-coefficient  data.  These 
remarks  apply  to  the  critical  Reynolds  number  region,  but  they  may  also 
be  applicable  to  the  region  under  investigation  in  the  Teapot  laboratory 
program. 

6.1.3  Effects  of  Duat.  Theoretical  attempts  to  predict  the  flow 
patterns  of  paii;icle -laden  air  around  obstacles  have  been  made  by 
Langmuir  and  Blodgett  (Reference  33) >  Dussourd  and  Shapiro  (References 
3^  at^d  33)  j  Hartmann  (Reference  36).  Langmuir  and  Blodgett  aasumed 
a  flow  pattern  for  the  air  around  cylinders,  spheres,  and  ribbons. 

T^'^-n  they  calculated  the  particle  trajectories  by  assuming  Stokes' 
drag  lav  for  spherical  particles.  Their  results  Indicate  dependence 
of  loading  on  particle  size  and  density,  air  density,  viscosity  and 
velocity,  and  obstacle  size.  Hartmann's  novel  approach  is  based  on 
the  response  of  particles  to  sound  waves  of  different  frequencies— -the 
frequency  here  depending  on  the  time  for  a  particle  to  displace  itself 
laterally  In  order  to  get  past  the  obstacle.  His  results  depend  on  the 
above-mentioned  properties  of  air,  peurticles,  and  model.  The  work  of 
Dussourd  and  Shapiro  is  applied  to  the  problem  of  an  instrument  for 
measuring  stagnation  pressure  and  velocity  of  a  particle -laden  gas 
stream. 

Hanrtmann  points  out  that  the  dusty  air  may  be  taken  as  a  homogeneous 
fluid  of  uniform  density  (somewhat  greater  than  clean-air  density)  if 
the  particles  are  small  enough  end  follow  the  air  stream-lines  closely 
enough.  His  estimates  indicate  that  particles  5  microns  or  less  in 
radius  would  fulfill  these  requirements  (for  the  Teapot  model  sizes). 
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For  such  a  situation,  one  would  record  the  increased  density  on  the  q 
gage  as  an  increase  in  dynamic  pressure,  and  the  drag  coefficients 
should  be  the  same  as  clean-air  drag  coefficients  at  corresponding  Mach 
and  Reynolds  numbers. 

However,  if  tfte  dust  particles  do  not  follow  the  air-ntream  lines, 
some  of  them  impinging  on  the  model  surface,  there  exists  the  serious 
problem  of  how  to  separate  the  effect  of  the  dust  from  the  total -force 
reading,  'The  problem  is  further  complicated  by  the  fact  that  the  effect 
of  dust  on  the  reading  of  the  q  gag<-  (analyzed  by  Dus  sour  d  and  Shapiro) 
is  far  from  a  sijaple  matter;  it  depends  not  only  on  properties  of  air 
and  dust  but  also  on  tube  diameter  and  size  of  sampling  hole.  For 
example,  Dussourd  and  Shapiro  find  that  the  measured  overpressure 
increases  as  probe  size  increases  and  as  the  ratio  of  inside  to  outside 
diameter  decreases,  no  account  having  been  taken  of  possible  impingement 
effects  of  those  solid  particles  actually  entering  the  hole. 


This  formidable  dust  problem  has  been  investigated  experimentally  by 
the  Sandla  Corporation  and  others  (Reference  3l)>  but  no  simple  solution 
has  resxilted.  For  this  reason,  the  Teapot  planning  on  the  dust  problem 
was  not  predioBted  on  the  solution  of  the  problem  but  was  beused,  rather, 
on  the  philosophy  of  obtaining  field  data  under  reproduciule  conditions. 

SRI  gages  were  used  as  the  standard  q  gage  to  read  dusty  q  as  best  they 
could  (other  activities  investigated  other  q-gage  designs,  such  as  Greg 
and  Snoi'),  and  dust  density  was  measured.  In  this  way  it  was  hoped  that 
the  entire  dust  question  could  later  be  studied  under  controlled  laboratoi^r 
conditions.  And  if  no  consistent  theory  co\’ld  be  found  for  the  flow 
behavior  of  dust,  at  least  one  would  have  the  gross  loading  effects  on 
3-inch  and  10-inch  spheres  to  serve  as  a  measure  of  the  damaging  effects 
of  the  prec’irsor. 


6.2  MfiCHAHICAL  DBBIGN 

Early  in  the  laboratory  phase  of  the  program,  it  was  determined  that 
the  objectives  of  the  project  could  be  met  only  if  a  suitable  force  gage 
could  be  developed.  Cages  available  ccnmerclally  and  laboratory  designed 
force  gages  were  found  unsuitable  for  the  task.  They  were  either  in¬ 
compatible  for  use  with  the  desired  recording  system,  too  delicate  for 
*  field  use,  or  too  limited  in  performance  characteristics.  An  initial 
study  of  the  force -measuring  TO-obl.em  indicated  that  It  would  be  desirable 
to  have  a  gage  that  would;  (1)  measure  force  in  three  mutually  perpen¬ 
dicular  directions  with  negligible  Interaction  between  axes;  (2)  be 
rugged  enough  for  field  work,  yet  be  suitable  for  wind-tunnel  and  shock- 
tube  teste;  (3)  have  a  frequency  response  adequate  for  measuring  faith¬ 
fully  the  complete  force-time  history  during  the  blast;  (h)  employ  a 
variable -inductance  sensing  element  so  that  the  gage  co»ild  fit  directly 
into  the  existing  recording  system;  and  (5)  be  adaptable  for  use  with 
model  targets  of  different  sizes  and  shapes. 


The  gages  finally  developed  for  Operation  Teapot  did  not  completely 
fulfill  the  above  requirements;  however,  they  were  deemed  satisfactory 
for  the  task  Imposed. 
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6,2 cl  Schaevltg  Gages*  The  Teapot  force  gage  vaa  designed  and 
developed  157  the  Schaevitz  Engineering  Company  of  Camden,  M.  .T*,  with 
the  aid  of  HOL,  The  principal  featiwre  of  the  gage  is  a  mechanical 
system  that  provides  three  independent  and  orthogonal  axes,  each  of 
which  restrains  the  model  motion  to  translational  displacements  only. 

The  restraining  force  of  each  axis  is  provided  hy  a  pair  of  folded 
cantilever  springs  that  can  deflect  only  in  a  direc  ion  perpendicular 
to  the  plane  of  the  spring  when  a  force  or  a  component  of  force  is  in 
that  direction.  Because  of  the  greet  stiffness  of  the  spring  in  res¬ 
ponse  to  forces  in  other  directions,  the  springs  themselves  are  used  as 
rigid  supports  for  the  structural  members  of  the  other  two  axes.  In 
this  way,  the  orthogonal  components  of  a  vector  force  acting  on  the  gage 
inflxience  only  the  respective  rectilinear  axes  of  the  gage.  This  action 
may  be  illustrated  by  reference  to  the  schematic  gage  diagram  in 
Figure  6.2  (see  also  Figure  6.3). 

Consider  a  model  target,  be  it  sphere  or  cylinder  or  Jeep, 
rigidly  mounted  on  the  enclosing  Frame  1  (Figure  6.2) •  Apply  a  force 
to  this  model  in  the  Z-direction.  The  rigidity  of  Springs  2'  and  3* 
to  edgewise  forces  prevents  motion  of  Frames  2  and  3  with  respect  to 
reference  Frame  However,  with  the  application  of  this  Z  force. 

Springs  1*  flex  around  the  now  fixed  adjacent  Frame  2.  Therefore 
Frame  1  moves  with  respect  to  Frame  2  and,  hence,  reference  Frame  4, 

How  consider  a  force  in  the  X  direction.  The  force  on  the  model  is 
transmitted  to  Frame  1.  Springs  !•  ari  rlgia  for  forces  applied  in 
this  direction;  therefore,  the  force  is  transmitted  through  supporting 
members  to  Frame  2,  which  (along  with  Frame  l)  can  now  move  in  the  X 
direction  because  Springs  2'  flex  around  the  fixed  Frame  3  (which  is 
restrained  from  moving  with  respect  to  the  fixed  reference  Frame  4  by 
Springs  3*)*  Thus,  when  forces  are  applied  in  the  X  disrectlon,  two 
frames,  moving  as  one,  are  displaced  with  respect  to  the  fixed  reference 
frame.  Forces  in  the  X  direction  produce  results  similar  to  those 
above .  A  T  force  applied  to  Frame  1  is  transmitted  through  rigid 
Springs  1'  to  Frame  2,  from  whence  the  force  is  further  transmitted  to 
Frame  3  through  rigid  Springs  2*.  '"Tame  3  OQ  move  in  the  X  direction 
because  of  the  deflection  of  Springs  3’  around  the  fixed  reference 
Frame  4,  Thus,  for  forces  in  the  X  direction  all  three  frames  move  as 
one  with  respect  to  the  fixed  reference  frame. 

Summarizing,  this  mechanical  arrangement  of  springs  and  frames 
produces  a  gage  system  which  responds  to  force  end  the  vector  components 
of  force  in  terms  of  trsnslatlonal  displacements  along  three  orthogonal 
axes.  These  displacements,  which  are  proportional  to  the  magnitude  of 
the  applied  force,  are  converted  into  electrical  signals  by  the  variable- 
inductance  sensing  elements  of  the  gage.  Affixed  to  each  of  the  movable 
frames  is  a  mu-metal  disc  in  close  proximity  (0.010-0.015  inch,  this 
distance  being  a  function  of  the  inductance -distance  characteristic 
curve  of  the  particular  type  of  disc  and  coil  c^bination,  selected 
on  the  basis  of  minimizing  the  nonlinearity  of  the  force-frequency 
curve)  to  an  E-core  inductance  coil  mounted  on  the  fixed  reference 
frame.  Variations  in  the  gap  spacing  between  disc  and  coil  prodtce 
variations  in  the  inductance  of  the  coil,  (lateral  motion  between  disc 
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Figure  6.2  Schematic  Diagram  of  Three -CoB^onent  Force  Gage, 

and  coil  produces  negligible  inductance  change,  since  the  gap  spacing 
remains  constant  and  the  disc  is  of  larger  diameter  than  the  E-core.) 
The  Inductance  variations  modulate  the  center  frequency  of  a  Hartley 
oscillator.  This  electrical  signal  is  then  transmitted  and  recorded 
as  the  gage  signal  for  a  particular  axis.  Each  of  the  three  axes  has 
its  independent  disc  and  inductance -coil  sensing  unit. 

The  convention  adopted  for  signal  identification  vas  X  axis  on 
the  7.35  kc  band,  Y  axis  on  the  10.7  kc  band,  and  Z  axis  on  the  15=^  ke 
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Figure  6.3  Prototype  Model  of  Schaevitz  Gage. 

"band.  A  force  in  the  poaitive  direction  (see  Figure  6.U)  produeas  s 
decrease  in  frequency  belov  the  above  center  frequencies,  while  a 
force  in  the  negative  direction  produces  an  increase  in  frequency. 

Associated  with  the  problem  of  a  force-gage  design  was  the  problem 
of  designing  a  support  for  the  gage.  The  wind-tunnel  type  of  horizontal 
sting  was  adopted  for  this  purpose.  Conventionally,  for  proper  evaluation 
of  the  aerodynamic  properties  of  a  model  without  sting  interference, 
the  supporting  sting  should  be  approximately  10  times  as  long  as  the 
model  diameter,  and  its  diameter  shotild  be  only  a  tenth  of  the  model 
diameter.  Unfortunately,  these  conservative  sting  dimensions  could  not 
be  used  for  the  conditions  anticipated  in  the  field.  In  the  dusty 
precursor  region,  it  was  estimated  that  the  force  on  a  given  target 
would  he  about  four  times  greater  than  on  a  similar  target  in  a  clean 


Figure  6,k  Convention  for  Direction  of  Force. 
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area  at  an  equal  atat is -overpressure  level.  The  latter  wind-tunnel- 
like  conditions  permit  slenler  stings;  the  former  situation  dictates, 
on  a  structural  strength  basis,  the  use  of  relatively  short,  stubby 
stings.  As  a  consequence,  stings  with  the  following  dimensions  were 
used : 


3-inch  diameter  spheres  -  sting  length  9  inches, 
sting  diameter  7/8  inches;  10- inch  diameter  spheres  - 
sting  length  30  inches,  sting  diameter  3  inches. 

Shock -tube  tests  indicated  the  adequacy  of  this  design  without 
the  need  for  bracing.  The  fixed  reference  frame  of  the  gage  is 
rigidly  attached  to  the  sting,  and  of  course,  the  spherical  model 
encasing  the  gage  is  free  to  move  with  respect  to  the  sting  (see 
Figures  6.5  and  6.6). 

6.5.2  Bellows  Cage.  Dxiring  the  course  of  the  gage -development 
program,  several  other  designs  were  considered  besides  the  one  finally 
adopted.  One  particularly  promising  design,  initiated  by  the 
Aeroballistics  Research  Department  of  the  Naval  Ordnance  Laboiatory, 
employed  metal  bellows  (one  pair  for  each  orthogonal  ^is)  to  support 
the  model  target  from  within  (see  Figures  6.7  and  6.8).  One  end  of 
each  bellows  is  rigidly  attached  to  the  model  sphere,  while  the  other 
end  is  fixed  to  a  central  reference  block  mounted  on  the  sting.  The 
bellows  are  designed  to  operate  in  compression,  ten.,  '  and  in 
bending:  Their  cylindrical  cross  section  is  essentially  rigid  in  torsion. 
In  this  way,  forces  on  the  sphere  produce  only  translational  motions 

of  the  pphere.  Interactions  between  axes  ax’e  intended  to  be  minimized 
by  selection  of  bellows  elements  to  be  as  identical  as  possible,  thus 
avoiding  any  sideways  motion  of  a  pair  of  bellows  when  placed  in  bending. 
The  variable -inductance  sensing  elements  of  the  gage  respond  to  dis¬ 
placements  in  the  same  manner  as  for  the  Schaevitz  gage.  The  performance 
characteristics  of  this  gage  are  similar  to  those  of  the  Schaevitz  gage. 
The  chief  drawback  of  the  bellows  gage  is  difficulty  of  manufacture  and 
adjustment.  A  prototype  model  of  the  gage  was  used  on  Shot  12  at  the 
same  location  where  four  Schaev-tz  gages  were  placed. 

6.2.3  Diaphragm  Gage.  Another  design,  which  was  carried  partly 
through  the  uevelopoent  state,  was  a  diaphragm  gage.  Figure  6.8  shows 
that  the  diaphragm  has  its  outer  rim  fixed  to  the  sting.  Axial  forces 
on  the  spherical  shell  produce  deflection  of  the  diaphragm;  this  motion 
is  detected  by  the  coil  mounted  in  the  sting.  Transverse  loading  (in 
the  plane  of  the  paper)  produces  a  twisting  moment  on  the  diaph-.-aga, 
which  induces  an  angular  deflection  at  the  center  of  the  diaphragm 
(with  no  net  axial  motion);  this,  In  turn,  is  translated  into  an  angular 
deflection  of  the  stem  between  model  and  diaphragm.  Motion  of  the  stem 
is  detected  by  the  fixed  coil  mounted  adjacent  to  the  stem.  Transverse 
loading  in  the  third  orthogonal  direction,  normal  to  the  plane  of  the 
paper,  is  similarly  dexected  by  a  third  coll  mounted  adjacent  to  the 
stem.  Development  of  this  scheme  was  abandoned  when  it  was  realized 
that  the  accuracy  of  the  transverse  readings  depends  on  the  load  being 
applied  through  the  center  of  the  sphere  (since  the  torque  produced  by 
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Figure  6,5  Three-inch  and 
10-inch  Schaevitz  Gages 
Without  Shells. 


Figure  6.6  Ten-inch  Schaevitz 
Gage  with  Spherical  Shell. 


Figure  6.7  Prototype  Model 
of  Bellows  Gage. 
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thb  load  depends  on  the  accent  between  dlaphragn  and  Him  of  action  of 
load)  acd  that,  due  to  the  presence  of  a  sting,  one  could  not  expect 
the  aarodynamic  net  load  to  always  pa«s  through  the  geometric  center 
of  the  sphere. 

6.2.4  Cylinder  Gage«  Another  prototype  model  used  on  the  field 
test  was  selected  with  a  view  toward  circumventing  the  problem  of 
sting  effect  on  the  aerodynamic  performance  of  the  model  amd  making 
more -direct  use  of  available  wind-tunnel  and  shock-tube  data  on  the 
aorodynasiics  of  sin^ile  bodies.  The  general  scheme,  proposed  by 
E.  H.  Kurzweg  of  NOL,  is  to  include  a  movable  test  section  as  an 
aerodynamic  part  of  a  much-longer  cylinder.  Two  advantages  are 
achieved:  no  sting  Interference  and  practical  use  of  a  two-dimensional 


Figure  6.8  Schematic  Dravings  of  Bel3owB  Gage  and  Diaphrsusn  Gage. 

model  without  end  interference.  Aerodynamic  considerations  require 
tnat  the  fixed  cylinder  be  about  10  times  as  long  as  the  test  section, 
which,  because  of  its  inherent  mechanical  weakness.  Imposes  the 
limitation  that  this  type  of  gage  be  used  in  relatively  low-pressure 
regions.  However,  just  as  in  the  case  of  the  stings  for  the  spherical 
models,  some  compromise  in  this  conservative  length-ratio  criterion 
could  be  made,  with  appropriate  empirical  corrections  to  the  d'lta  when 
Qsceisary.  Tte  prototype  used  on  Shot  12  was  of  circular  cross  section, 
6  ^/8  Inches  in  diameter;  the  model  section  was  6  inches  long,  the 
fixed  pipe  12  feet  long.  The  pipe  had  its  axis  horizontal  and  at  right 
angles  to  grovrad  zero,  3  above  the  ground.  The  test  section  con¬ 
tained  a  Schaevitz  gage  modified  to  read  vertical  components  and 
components  along  a  radius  frean  ground  zero  (see  Figure  2.8). 

6.3  MBCHAKICAL  PERFORMANCE  OF  THE  FORCE  GiiCE 

6.3.1  Ga^e  Frequency,  Damping,  and  Callbrf-tion.  Consideration  of 
the  loading  picture  and  its  effect  upon  the  physical  gage  and  sensing 
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system  resulted  in  the  following  design  aims:  (l)  maximum  mechanical 
frequency  to  best  "read"  the  forcing  functioaj  (2)  mechanicaJ.  stops  to 
prevent  excessive  deflection  during  the  diffraction  phase;  and  (3)  damping 
sufficient  to  suppress  undesirable  oscillations  but  not  enough  to  prevent 
the  smoothed  record  from  having  followed  the  forcing  function.  (Aboxxt 
6o  percent  of  critical  damping  Is  optimum  for  the  second  order  system 
with  damping  force  proportional  to  velocity.) 


As  has  been  mentioned  in  the  introduction,  the  natural  frequency 
of  the  gage -model  combination  has  automatically  been  limited  through 
the  selection  of  the  induct ion -type  pickup,  since  this  l.nduct ion-coil 
design  calls  for  a  large  deflection  to  produce  the  desired  frequency 
shift  along  the  most-linear  portion  of  its  calibration  euinre  (inductance, 
or  frequency  shift,  versus  deflection).  To  illustrate  this  effect, 
consider  a  3-inch  model  sphere  of  nominal  force  range  25  pounds,  the 
moving  parts  weighing  1  pound,  the  inductance  gage  calling  for  0.005- 
inch  deflection.  Spring  constant,  k,  is  defined  aa: 


force 


deflection 

Haturel  frequency,  f: 
1 


f  = 


vT 


24^ 

for  W  -  Mg  »  1  lb 


f 


0.005 


5000  lb /in. 


(386) 


(6.3) 


This  analysis  predicts,  for  models  of  equal  mass,  that  the  higher 
the  force  range  the  higher  the  natural  frequency,  and  this  has  been 
found  true  for  the  Teapot  gages.  For  the  3“itich  gages,  with  nominal 
force  ranges  extending  from  3  to  100  pounds,  the  gage  frequencies 
ranged  from  about  150  to  6C0  cps,  respectively.  The  10-lnch  gages, 
with  rated  force  ranges  from  3^  to  400  pounds,  bad  frequencies 
extending  from  100  to  400  cps,  respectively.  These  frequencies  proved 
adequate  for  the  long-duration  field  ble  t  and  for  shock -tube  wave 
durations  of  30  msec  or  longer  (with  well-dasqped  gages). 

Fluid  damping  was  used  to  limit  the  magnitude  and  duration  of  the 
gage  "ringing"  Induced  by  the  application  of  a  shock  pulse.  Silicone 
fluids,  with  viscosities  from  1,000  to  1  miUion  centlstokes  were  used 
inside  the  spherical  shell  and  were  prevented  from  leaking  out  by  the 
sealing  of  the  space  between  moving  shell  and  fixed  sting  with  Pliobond, 
a  flexible  sealing  agent.  The  models  were  only  partially  filled,  to 
avoid  the  differential  expansion  problem*  This  technique  of  filling  the 
shells  with  silicone  fluids  proved  to  be  a  messy  affair,  since  a  change 
of  fluid  viscosity,  to  achieve  empirically  a  better  dampltig  coefficient, 
called  for  thorough  cleaning  of  the  close-fitting  gage  parts.  A  much 
simpler  and  more -controllable  technique  of  filling  only  the  space  between 
the  mu-metal  piad  and  coll  was  used  under  laboratory  conditions.  This 
technique  could  not  he  used  in  the  field  because  the  fluid  could  not  be 
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expected  to  remain  In  place  for  the  long  period*  required  (several  days, 
usuoUy) , 

No  special  design  p;  ovisions  had  been  made  for  damping  the  Teapot 
gages,  vith  the  result  that  the  damping  characteristics  vere  not  of  the 
viscous  shear  type,  proportional  only  to  velocity.  Instead,  due  to  the 
action  of  squeezing  the  fluid  out  laterally  from  hetveen  close  clearances, 
the  damping  turned  out  to  he  dependent  on  displacesssnt  and  velocity,  as 
nmy  he  seen  in  Figure  6<9«  Note  that  some  small  oscillations  persist 
even  vhen  the  "smoothed"  centerline  exhlhlts  creep  or  overdanq^tingj 
whereas,  the  viscously  overdamped  gage  would  have  no  oscillations. 

This  behavior  had  two  consequences:  First,  it  wm  not  legitlaiate  to 
calculate  damping  from  the  decay  of  the  small  oscillations,  which  made 


Figure  6,9  Response  of  an  Overdamped 
Schaevltz  Gage  to  a  Step  Function 
(200  cps  Timing) . 


the  tap  test  (or  impulse  test)  useless  for  detemd.nation  of  damping 
coefficient  and  led  to  the  need  for  the  BX>re -difficult  step-fimctlon 
test.  Second,  and  more  serious,  this  deviation  from  viscous  damping 
made  any  attespt  to  use  the  drag  gages  for  some  measure  of  diffraction 
loading  practically  hopeless.  It  is  apparent,  at  any  rate,  that  the 
design  of  the  Teapot  gages  left  room  for  much  improvement  in  damping 
characteristics  * 


Consideration  had  been  given  to  the  possibility  of  and  need  for 
damping  of  the  sting  support  of  the  gage  should  this  vibration  prove 
to  be  a  source  of  "noise"  on  the  force  records.  Fortunately,  i<:  was 
found  (through  shock-tube  tests)  that  the  stings  vere  of  stiff icient 
rigidity  to  contribute  little  to  the  hash,  SB^lltude-vlse.  Fxirther, 
the  distinctive  sting  frequencies*  were  relatively  easy  to  identify  and 


*  The  7/8-inch-dlaffleter  sting  vith  the  mass  of  tlie  3-inch  gage  had  an 
average  frequency  of  about  100  cps;  the  3 "inch  diameter  sting  with  the 
mass  of  the  10-lnch  gage  vibrated  at  approximately  I60  cps;  and  the 
entire  mounting  structure  I'lth  the  mass  of  the  10-inch  gage  was  found 
to  have  a  natviral  frequency  of  20  to  30  cps. 
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interpret.  Record  smoothing  proved  to  be  a  more  satisfactory  isethod 
than  attempts  to  damp  each  possible  source  of  vibration.  - 

Static  gage  calibrations  (and  dynamic  gage  characteristics)  were 
observed  and  recorded.  The  static  force -frequency  curve  vas  determined 
by  the  use  of  a  calibration  rig  (see  Figure  6.10).  The  step  force  function 
used  for  the  determination  of  dynamic  damping  chvacteristics  vas  achieved 
by  sudden  release  of  a  known  force.  Figtire  6,11  is  a  photograph  of  the 
setup  for  the  force  gages  rated  at  25  lb  or  less  in  range,  the  sudden 
release  occurring  when  a  pencil  lead  under  tension  is  snapped.  The  rig 
for  the  higher  force  gages  employed  a  quick-release  mechanism  that 
manually  tripped.  Figure  6.12  represents  a  '.ypicsQ.  static  calibration 
curve,  and  Figure  6.13  is  a  picture  of  a  gage  with  optimum  damping. 

6.3.2  Reproducibility  and  Accuracy.  The  static  and  dynamic 
calibi’ation  of  the  gages,  determined  by  applying  known  forces  to  the 
gage  and  observing  its  output,  gave  a  fair  indication  of  whe  total 
static  and  dynamic  accuracy  of  the  gages.  Wind-tunnel  c«,nd  shock-tube 
tests  with  reproducible  forcing  functions  gave  an  Indication  of  the 
degree  of  reproducibility  of  the  gages  to  dynamic  and  transient  loading 
conditions.  (It  should  be  understood  that  wind  tunnel  and  shock  tube 
tests  were  not  used  to  provide  basic  gage  calibration  data.  Rather, 

they  were  used  to  determine  gage  behavior  under  steady  state  and  transient 
aerodynamic  loading  conditions . ) 

In  the  static  calibration  procedure,  the  reproducibility  and 
hysteresis  of  each  axis  was  observed,  as  was  the  interaction  amongst  :”1„ 

axes.  It  was  found,  at  the  nominal  range  of  the  gage,  that  the  :  . 

discrepancy  in  response  due  to  hysteresis  and  nonreproducibility  averaged 
approximately  10  percent  of  the  nominal  range,  i.e.,  a  gage  with  100-lb  ;  . 

range  read  100  +  10  pounds  when  a  known  100-lb  force  was  applied  to  it.  I”!.* 

This  same  uncertainty  occurred  on  the  average  at  all  force  readings  of  the  ;  .*• 
particular  gage.  A  variation  of  about  +  5  percent  occurred  also  in  the  re-.’  .. 
suits  produced  by  the  transient  loading  of  the  gage  in  shock  tube  tests.  A*** 
much-greater  sjiread  occurred  in  wind-tunnel  tests;  however,  this  was  be- 
lieved  due  to  aerodynamic  conditions,  rather  than  force-gage  perforuianc-e, 

•  ft  •  *  • 

Some  interaction  occurred  between  sets  of  gage  axes;  for  instance,  whenl..! 
the  gage  was  3.oaded  along  the  Z  axis  only,  the  X  and  Y  axes  gave  indica-  ;  . 
tions  that  the  Z  applied  force  had  X  and  Y  components.  These  interactions  *!”' 
and  spurious  readir^gs  amounted  to  approximately  10  percent  of  the  appl  ,ed  '•••• 
load  In  some  gages  and  axes  and  less  than  5  percent  in  others.  Since 
interactions  were  noted  in  the  gage -calibration  procedure,  corrections 
to  the  data  could  be  applied  had  they  not  been  negligible. 

Based  on  the  static  and  dynamic  calibration  data  (including  hysteresis 
effects,  reproducibility  checks,  calibration  technique,  and  equipment  accu¬ 
racy),  it  is  estimated  that  the  force  gage  is  capable  of  producing  force 
readings  on  the  three  orthogonal  axes  within  +  15  percent  of  the  applied  vec¬ 
torial  force.  Error  in  prediction  o?  the  angle  of  flow  by  means  of  an  analy¬ 
sis  of  static  vectorial  forces  depends  on  the  aerodynamic  effect  of  the  sttog. 

6.3.3  Performance  of  the  Gage  in  a  Pressure  Field.  Instead  of 
acting  as  sensor  only  for  the  net  force  due  to  flow  past  the  model,  the 
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Figure  6,12  A  Typical  Static 
Calibratior  Curve. 


Fl^uzv  6.13  BaspcNUM  of  a  Wall* 
Danpod  Sehaarits  Gaga  to  a 
Stap  Function  (200  opa  Tlaiog) • 


Teii'Ot  coniisuration  of  a  force  gage  inside  a  sting-supported  model  proved 
to  e  sensitive  also  to  the  8tat,,.c  pressure  in  the  free  streara  of  fluid. 
That  is,  for  tne  same  flow  property  of  dynamic  pressure  and  for  the  same 
drae  coefficient,  the  Teapot  force  gage  responds  to  shock -tube  flow  with 
its  static  overpressure  in  a  manner  cuite  different  from  its  response  to 
wind-tunnel  ilow  with  its  static  pressure  below  atmospheric.  The  reason 
for  this  behavior  is  as  follows; 

Consider  the  forces  on  the  shell  of  Figure  6.ll4',  where  the  shock 
wave  iz  broKen  down  into  a  static  field  of  side-on  pressure  and  a 
dj'natr.ic  field  resulting  from  the  presence  of  the  obstacle  in  the  flow, 
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the  loading  on  the  obstacle  being  proportional  to  q  and  depending  on  its 
geometry  (dreg  coefficient  and  area).  In  calculating  the  axial  forces 
on  the  shell  due  to  static  pressure,  it  becomes  apparent  that  there  is 
a  net  force  of  Ppa  caused  by  the  internal  pressure,  Pi,  and  a  net  force 
of  (Po  +  Fs)®-  to  external  pressure  (ambient  pressure,  Pq,  plus 
shock  overpressure,  Ps)*  These  net  forces  sure  due  to  the  fact  that 
the  sting  surea,  a,  occupies  some  of  the  shell  area  which  would  otherwise 
be  exposed  to  static  presstires.  The  summation  of  these  net  forces  in 


Figure  6,l4  The  Force  Gage  In  a  Shock  Wave, 

opposition  leads  to  a  force  of  (P©  Fs  "  Fi)a  directed  toward  the 
sting.  The  equation  for  force,  including  the  effects  of  flow  and  of 
static  pressures,  is  thus; 

(P^  +  Fg  -  Pj^)a  +  qCjjA  -  F  ^6.4) 

If  the  internal  pressure.  Pi*  remains  constant  during  the  load  ng 
period  and  is  different  from  P^,  there  is  an  initial  load  of  (P^  - 

The  dynsjttic  reaULing  would  be  F-Fq  "^F 
AF‘  F  -  (P^  -  P^)a 

A  F  »  qV  t  P.a 

Tj'.us  it  appears  that  the  msgnltude  of  the  internal  pressure  is  of 
no  Importance,  providin'^  that  it  dees  nco  chsng;.  from  its  initial  value. 
If  It  did  change,  one  vtuld  have  to  know  the  Initial  value  and  its 
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rarlatlon  vlth  time.  In  order  to  Interpr  at  a  record  for  force -gage 
reading  versus  time.  Rewriting  Equation  5*5: 


(6.6) 


r  -41  _  1« 

D  qA  q  A  p 

fj,  \  /  \ 

The  correction  to  the  usual  eq*uaticn  for  drag  coefficient  /-I'n/jx 
■ay  ajqjear  insignificant  at  first  glance^  because  A»a.  For  '>  ' 


the  3-inch  spheres,  j  ■ 


*  0.085,  and  for  the  10-inch  spheres 


S 


Figure  6,15  Increase  in  Appai-ent  Drag  Coefficient  Due  to 
Effect  of  Static  Pressure  on  a  Perfectly  Sealed  (lage, 

X  “  [10]  "  0.090.  Unfortunately,  however,  the  ratio  P^/q  attains 

very-high  values  at  low  overpressures,  and  the  factor  hecones 

of  the  sane  order  asilP/qA  at  low  pressures.  Force  readings  in  the 
shock  tube  at  low  overpressures  resulted  in  drag  coefficients  as  high 
as  10  irhen  used  vithout  correction  in  the  foneula  ■  P/qA. 

Figure  6.15  consists  of  a  plot  of  for  j  •  O.085  where  p  and 


q  are  related  by  Rankine-Hugoniot  conditions.  Rote  the  naguitude  of 
the  correction  cosqpared  with  the  expected  drag  coefficients  of  about 
0.3.  Since  this  correction  appeared  so  large,  it  w^is  necessary  to  obtain 
experimental  verification  of  the  effects  of  static  pressure. 


In  order  to  study  the  static-pressure  effects,  the  pressure-step 
device  illustrated  in  Figure  6.16  was  eaployed.  Air  wa's  admitted  to 
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tha  coBprasiion  chsoiber  until  the  desired  pressure  ims  reached,  sad 
then  the  diaphragm  vas  punctured.  Thus,  pressure  vas  suddenly  applied 
to  the  chamber  containing  the  force  gage,  at  a  level  of  about  half  the 
original  ccaipresslon  chamber  overpressure,  and  remained  essentially 
constant  for  a  long  enough  dxiratlon  to  be  considered  a  step  function. 
The  force  gage  oscillated  violently  until  the  flov  stopped  and  tbc 
pressxire  equalized,  a  matter  of  some  20  to  30  msec,  and  then  Indicated 
a  more  or  less  constant  force  (ideally  F^aPg),  depending  on  the  rate 
of  leakage  of  pressure  Into  the  gage  shell. 

Figure  6.17  consists  of  two  force  gage  records  of  a  well-seaxed 
gage,  and  Figure  6.I8  shows  the  force  decay  of  a  poorly  sealed  gage. 


PRESSURE 


Figure  6.16  Mechanism  for  Applying  Step-Function  of 
Pressure  to  a  Force  Gage. 
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The  information  obtained  from  these  pressure-step  tests  was  the 
effective  sting  area  to  be  used  In  Bquatlon  6.6  and  the  rate  of  leakage 
of  pressure  Into  the  shell  of  the  gage. 

Figures  6.19  uid  6.20  represent  the  perforiMnce  of  two  well-sealed 
gages  loaded  hy  the  px assure  step.  Sffectlve  sting  area  shows  sosie 
scatter  (due  to  experlaostal  error,  method  of  sealing,  etc.),  hut 
remsins  close  t-:)  the  actual  sting  area  of  0.6g  In^.  Force  appears  to 
decay  slowly,  relative  to  short  duration  shock  tube  flows,  such  that 
less  than  13  percent  decay  occurs  in  200  msec.  These  well -sealed  gages 
appear  smenahle  to  correction  In  accordance  with  Squation  6.6. 


Figure  6.21  indicates  the  difficulty  of  dealing  with  a  poorly  sealed 
gage,  which  was  sealed  using  the  ssas  method  as  for  the  well-sealed  gages. 
Force  decay,  obtained  frcmi  records  such  as  Figure  6.21,  extrapolated  to 
zero  time  through  the  Initial  oscillations,  seems  to  be  about  30  percent 
In  200  msec.  Note,  however,  that  the  effective  area  appears  to  be  much 
smaller  than  the  actual  sting  area.  This  phenomenon  is  probably  due  to 
a  rapid  leakage  during  the  first  20  to  30  msec  of  violent  pressure  changes. 
Such  a  gage  would  xx>t  be  reliable  even  for  shock-tube  flows  as  short  as 
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Fi|;'ir»  6,18  Baspons*  of  a  Poorly 
Sealsd  Ga^^a  to  a  Step  Funotion  of 
Pressvaa.  Shotl6»17}  Gaga  No,  10} 
60'oyola  Tlalng«  At  Zero  Tiw:  P." 
3.70,  3.80  pal}  FK),2,  0.2  Pounds.  — * 
It  200  uae:  P  «3.5,  3.4  psi}  rso.l,K:. 
0.1  Pounds, 

•  • 

30  msec,  since  there  could  he  considerable  leakage  even  in  the  5  msec  >.•* 
vhiit;  the  gage  is  settling  doiwn  to  the  approxlnately  flat -topped  drag 
pliase. 

£bq)eriments  vlth  the  pressure-step  device  of  Figure  6.l6  vere  confined^' 
to  the  three  B-ioch-diaiaeter  force  gages  that  vere  used  for  the  laboratory  ***’ 
phase  of  the  Teapot  force  program.  Many  of  the  other  3 -inch  gages  used 
on  Shot  12  had  been  damaged  by  solid  particles  in  the  blast  and  were  not 
suitable  for  a  check  on  their  pressure  characteristics,  vhlle  the  10-lnch- **  * 
diameter  spheres  had  been  deliberately  vented  (approximately  1  inch  of 
the  circular  Pliobond  seal  left  off  at  the  top  of  the  sting)  for  field 
use.  Thus  it  vas  not  possible  to  check  the  leakage  characteristics  of 
each  gage  as  used  In  the  field.  The  conclusions  to  be  reached  in  regard 
to  gage  condition  in  the  field  appear  to  be  that  sense  of  the  gages  were 
veil  sealed  for  long  durations  (in  which  case  Equation  6.6  is  applicable), 
others  were  sealed  f or  "hnly  a  short  part  of  the  shock  wave  duration  (due 
to  leakage  at  the  sting  and  also  puncture  of  the  shell  by  solid  particles), 
and  still  others  leaked  rapidly  enough  to  be  considered  unsealed. 

Interpret at lor  of  the  force  records  of  a  rapidly  leaking  gage  is 
possible,  since  information  is  available  on  the  pressure  distribution 
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Figure  6.19  ResjouEa  of  Gage  11  (3-inch,  25-ruunds)  Figure  6.20  Kejicnse  of  Gage  18  (3-inch,  IS-r^^uni 

to  Step-Function  of  Pressure.  to  Step-Function  of  Prescure. 
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Figure  6.21  BesjMiiBe  of  Gage 
10  (3“inch,  3-pou!3d8)  to 
Step-Function  of  PxeBBOie. 


which  exists  about  the  sphere,  and  one  may  predict  the  possible  variations 
of  pressure  which  can  leak  into  the  spherical  gsije.  Figure  6.22  illustrates 
the  pressure  distribution  about  a  sphere  in  steady  flow.  Pressure  is 
reported  as  the  difference  between  measured  pressure  (P)  and  static  pressure 
(Po),  divided  by  q.  This  ratio  of  P  -  Po  (or  P  -  Ps  in  shock  wave 
notation)  to  q  varies  from  1.0  at  the  stagnation  point  to  about  -1.2 
near  the  hemisphere  to  some  small  value  (+0.2  to  -0,3)  at  the  sting.  If  ;  . 
the  shell  leaked  at  its  hemispherical  joint,  the  internal  pressure  would 
be  some  0.4q  to  1.2q  below  Pa.  If  the  shell  leaked  at  the  Junction  with  • 
the  sting,  the  pressure  would  be  about  0.2q  above  Pa  "to  about  0.3q  below  ^  • 
Pa,  depending  on  Reynolds  number.  If  the  leakage  took  place  through  the  \’’’r 
sting,  which  had  an  axisd  hole  for  electrical  leads,  the  maximum  pressure  .**:** 
could  run  as  high  as  Fa  +  q,  since  this  represents  the  maximum,  or  stagna-  *’*’1 

tion,  pressure,  . . 

*  » 

Experimental  information  on  the  actual  pressure  inside  the  10-lnch  .***’, 
gages  was  obtained  in  the  wind  tunnel  at  David  Taylor  Model  Basin,  by 
the  use  of  pressure  gages  inside  the  model.  The  wind  tunnel  was  run  in 
two  ways:  (l)  test  section  vented  to  atmosphere  and  (2)  settling  chamber 
vented.  In  the  latter  case,  the  static  pressure  at  the  test  section 
runs  below  atmospheric  pressure.  The  upper  portion  of  Figure  6.23 
shows  dynamic  pressure,  q,  versus  Mach  number  for  each  of  these  operating 
conditions.  The  lower  portion  of  Figure  6,23  shows  the  pressures  measured 
within  the  spheres.  Note  that  the  internal  pressxure  was  always  below  the 
static  pressure  of  the  flow.  Expressing  this  pres8iu:e  difference  as  a 
fraction  of  q  (pressure  in  lower  graph  divided  by  q  of  upper  graph),  as 
in  Figure  6.22,  one  finds  that  the  internal  pressure  was  between  Pjg  - 
O.lq  and  Pg  -  0.3q  for  the  range  of  test  conditions  at  DTMB, 

Assuming  the  force-gage-pressure  distribution  for  wind-tunnel  con¬ 
ditions  (Figure  6.22)  is  applicable  to  blast-wave  flows  and  taking 
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lie  seen  fron  tbe  tape  recordings  of  the  force.  Unfortimetely,  hoverer, 
fev  neasurenents  were  node  of  the  internal  pressure.  In  these  few  cases 
where  internal  pressure  wa  j  measured,  the  uncorrected,  force  readings 
Indicated  drag  coefficients  about  0.01  too  high  at  M  *  0.2  and  about 
0.03  too  high  at  M  ■*  0.6.  Whether  the  remaining  measured  drag  coef¬ 
ficients  are  correct  within  0.01  to  O.O3  is  problematical,  in  view  of 
the  uncertainty  of  location  of  the  leak  a!.a  lack  of  knowledge  of  pressure 
distributions  at  these  Reynolds  and  Mach  numbers.  For  this  reason,  the 
results  of  these  wind-tunnel  testa,  without  internal  pressure  readings, 
have  been  presented  without  corrections.  Because  of  these  uncertainties, 
an  estimated  maximum  error  of  +  0.1  in  is  Introduced  itxto  the  wind- 
tunnel  results. 

2.  Shock -Tube  Tests.  Since  the  majoirity  of  the  shock-tube  tests 
were  run  with  3-inch  Gages  10,  11,  and  18  and  these  three  gages  were 
checked  for  leakage  characteristics  in  the  pressure  step-function 
apparatus,  it  was  possible  to  correct  for  pressure  effects.  Gages  11 
and  18  leaked  slowly  enoigh  for  Equation  6.6  to  hold  throughout  the  shock- 
wave  duration  (20  to  4o  msec).  Records  from  these  gages  were  used  for 
analysis  of  throxghout  the  flat  top  and  decay  of  the  wave  in  the  shock 
tube  tu  permit  investigation  of  the  question  of  oxu»-to-one  correspondence 
of  Cq  and  F^,  Independent  of  any  previous  loadlig  history. 

Gage  10  leaked  more  rapidly  tham  the  other  two,  but  not  fast  enough 
for  Equation  6.8  to  be  valid.  The  initial  value  of  C-  (inediately  after 
the  diffraction  phase)  was  read  from  Gage  10  records  on  the  assumption 
that  not  much  leakage  had  occurred  during  tbe  3  or  U  msec  in  which 
violent  oscillations  were  dying  down.  (One  could  reason  that,  since 
the  effective  sting  area  had  dropped  to  about  ’$0  percent  (Figure  6.21) 
in  20  msec,  it  would  drop  about  13  percent  in  ^  msec.)  However,  the 


CASE  N0.4-  10*  59  lbs 

BASE  NO.  T  -  10*  ,  400  LSS 
SCV*  SETTLINS  CHAMBER  VENTED 


Figure  6.23  Pressure  Inside  Force  Gages  During  DTMB  Wind 
Tunnel  Tests. 
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accuracy  of  these  initial  values  of  obtained  from  Gage  10  is  uncertain, 
perhaps  vlthln  20  percent. 

It  may  be  noted  here  that  a  force  gage  that  leaked  rapidly  at  the 
sting  would  be  more  useful  than  is  indicated  above  by  the  estimate  of 
suscuracy  of  C-  within  +  0.1,  since  such  a  gage  would  be  expected  to 
record  drag  forces  of  about  the  same  magnitude  that  would  exist  for  the 
stingless  sphere.  Assuming  that  the  base  pressure  is  not  appreciably 
affected  by  the  presence  of  a  sting  (note  the  fact  that  the  pressures 
are  fairly  constant  from  about  0  ■  150°  to  6  ■  l80°  in  Flgiare  6.22), 
one  may  write  Equation  6.4  with  P.  equal  to  absolute  base  pressure, 

(P^  +  P^  -  P^  -  P^  -  P^)a  +  qCjjA  -  P 
or,  since  *  0  for  a  leaky  gage; 

AF-qCjjA-P^a 

If  one  wanted  to  find  the  force  on  a  stingless  sphere,  using  the 
drag  measTired  by  a  stljag-s'mported  gage  which  read  drag  forces 
correctly,  the  conversion  fsustor  would  be  base  pressure  (P^,  not 
absolute  base  pressvire)  times  sting  area.  That  is,  the  force  on  the 
stingless  sphere  would  be: 

AF  -  qCjjA  -  P^a 

This  exprassion  is  identical  with  Equation  6.9,  which  illustrates  the 
point  that  the  rapidly  leaking  gage  with  a  sting  could  be  used  to 
measure  the  drag  coefficient  of  a  stingless  sphere. 


Some  shock -tube  tests  were  performed  using  a  3-inch  gage  with 
Pliobond  removed  from  the  base  seal  between  shell  and  sting.  Figure  7*7 
illustrates  the  nature  of  the  force -time  records  obtained  from  such  a 
gage,  as  compared  with  force-time  records  from  the  same  gage  in  a  sealed 
condition.  Note  the  persistence  of  violent  oscillations  on  the  record 
of  the  open  gage,  which  makes  these  records  difficult  to  smooth  and  inter¬ 
pret  and,  therefore,  relatively  inaccurate.  An  effort  was  made  to  seal 
the  gages  used  in  the  shock -tube  tests,  correct  for  the  effect  of  static 
pressure,  and  make  all  drag  coefficient  comparisons  for  spheres  with 
stings . 

The  discussion  of  gage  reproducibility  must  be  reopened  in  light 
of  the  fact  that  a  correction  factor  must  be  subtracted  from  the  force 
reading,  as  per  Equation  6.6.  If  q.  is  the  error  in  force-gage  leading, 
eg  is  the  error  in  the  correction  factor  and  e  is  the  probable  cumulative 
..rror  in  the  final  determination  of  drag  coefficient; 


The  cumulative  error,  e,  is  now  somewhat  larger  than  the  err-'r  due 
to  irreproducibility  of  the  gage.  Further,  and  more  important,  it  becomes 
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evident  that  the  process  oi  subtraction  makes  it  necessary  to  take  a 
sufficient  number  of  readings  at  any  one  point  to  insure  statistical 
significance.  Consider,  for  example,  the  3-inch  force  gage  that  reads 
2.2  pounds  force  where  Ps  “  3  psi  (q  “  0.22  psi) .  The  urcorrected  drag 
coefficient  ^p/qA  ®  1.45  must  he  adjusted  as  per  Equation  6  6  or 
Figure  6.15: 

=  1.45  -  1.20  =  0.25 

If  it  is  assumed,  however,  that  the  gage  reading  was  2,2  +  0.33 
(15  percent  error)  and  that  there  was  no  error  in  the  pressure 
correction: 

Cjj  =  (1.45  +  0.22)  -  l.ro  =  0.25  1  0.22 

This  individual  reading  couD.d  he  between  0.03  and  0.47.  Thus  it 
is  evident  that  many  bests  at  a  point  are  necessary  when  one  uses  the 
presently  developed  force  gage  that  requires  correction  to  its 
readings  because  it  is  pres sure -sensitive. 


109 

CONFIDENTIAL 


Chopt«r  7 

PROCEDURES  AND  RESULTS 


The  or'^ruLicnal  jaHii  for  the  aerouyntmjtc  evaluatiur*  of  the 
and  IG-inch  s^h-rric;!!  mod**!'?  in  the  tt_t  facilities  available  hat 
been  presented  in  Chapter  S,  well  ns  the  broa’  objet  ';  ive::,  of  the 
Teapot  laboratory  tests.  Tne  r.ojef'tives  were  .  t  r*‘ie  more  specific, 
because  it  was  not  expected  (due  to  limitations  on  the  extent  of  the 
program)  ^rat  definitive  answers  woUid  be  obtained  as  to  the  .influence 
of  each  likely  drag'- loading  parameter.  following  parameter  j  were 

investigated,  some  rather  thorotic>’'y  r  -d  oil  ere  >'riefly,  for  their 
effects  on  the  drag  coel'icient  the  sphere: 

1.  Shock -tube  flow  prrtc-eters :  ^l''  3h<  ck  verpreSBur'*, 
defines  Mach  number  and  Reynolds  n'jmber  ler  v  '.it  rize;  (T''  Reynolds 
number,  due  to  sl.-.e  ox'  -.odelj  ano.  (5)  >^ave  shape,  fl:.t  top  versus 
peaked  shocks. 

2.  Wina  tunnel  flow  parameters:  (l)  Mach  number  and  (2)  Reynolds 
nuiTiber,  due  to  size  of  model  and  ai..  ">  vent<*’t;  condition  of  the  wind 
turned « 

« 

3.  Condition  of  model;  (l,i  surface  roughness,  (2)  frequency  of 
model,  (l)  dunplng  of  rocdel,  (4)  sealed  model  versus  model  with 
oj-ening  at  sting,  and  (5)  model  at  angle  of  attack  to  flow. 

Tht  t  'fe-^ts  of  turbulence  of  the  flow  were  not  investigated 
systeratlcaily,  since  'he  state  of  the  art  of  turbulence  measure¬ 
ments  '.ndicated  thrtt  such  an  investigation  would  require  extensive 
effort.  Sore  qualitative  ii.‘’ormation  is  afforded  indirectly, 

,  htwever,  slrce  the  two  wind  tunnels  used  for  obtaining  drag  data 
.  covl.l  £>«  ev}'  ''ted  tc  have  somf.vhat  different  evels  of  turbelence 
.  (al‘.ho'^3h  ne  ther  wind  turns,  had  been  calibrated  for  turbulence), 

* 

•  Th'  re.uiurement  T  nv  ie  -n  the  «/ind  tunnel  included  the  free 

Btrear  p- <VA.net ?rs  •.  !'ach  number,  Reynolds  number,  and  q,  as  well 
as  "he  force  on  the  Bvjdel.  fata  reduc+ ion  :onBlated  of  dividing 
force  uy  q  and  A,  ae  per  Equation  6.1  liquation  o.8,  with  an 
estimated  accuracy  of  ^  0."',  to  y-.eld  values  C^.  Besides  plots 
of  versus  Mach  and  Reynolds  nunibere.  inf on-iat '  on  was  obtained 
oi.  the  ireqtMsncies  Of  vibx'ation  of  the  model-,  which  were  not  nec  s- 
garily  tee  tune  as  their  natu-v’  frequencies. 

Shock -t ufce  instr’raentatiou  we«  much  more  difficult  than  wind- 
tunnel  instruientatior.,  due  tc  the  transient  nature  of  the  flow. 
Side-on  overpressure  Vsrsus  vime  was  measured  si  ilteneou-ly  with 
force  versus  time.  These  oveipressore  records  were  c jnvf  -  ted  + 3  q- 
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time  records  by  theoretical  crlculation  based  on  the  Rankine-Htigoniot 
formula  and  on  the  assumption  of  adiabatic  flow  within  the  wave. 

Point -by -point  compariusons  of  force-time  and  q-time  records  were  made 
to  yield  curves  of  versus  tiane  for  each  shot,  as  per  liquation 
6.t  for  the  sealed  gages.  "Pseudo-steady"  values  of  could  then 
be  plotted  versus  Mach  and  Rej^nolds  numbers  end  compared  with  similar 
riots  for  Wind-tunnel  and  free -flight  data. 

Much  ecpha^lH  was  placed  on  obtaining  valid  ai.d  consistent  data 

in  tiie  wind  '  and  &.  ock  tubes  by  such  methods  rs  cross-corre- 

1-ati.ris  tu.  £ ’ 'pj  :  r':  ing  messurements  of  P  and  q  and  repeating  the  same 

6 

te«t  as  Tiany  vii  es  as  might  j-rove  necessary  to  achieve  statistical 
confidence.  Thu.,  he  latoro-tory  investigation  contrasted  s^-arply 
with  the  Teapot  ■'‘ield  test,  wht  re  the  condition  of  the  gages  was  not 
*i.'’l  known  t'_rce  of  the  test,  reliable  supporting  parameters 

were  not  •vai^'a.  e,  and  ins  fficient  numbers  of  measurements  of 
i  rce  were  raa*  e^ch  'age  st^^ioi  . 

7.1  BRJ  ci-INC'-i  ‘MJTJSR  T'>'“a 

7»1«1  Procedu  -e.  17  -  P'*- ’nct-dirmeter  shock  tube  at  the  Ballistic 
fiesear^'h  uaboratorii. ",  Abe.  it  n,  Maryla.'.d,  was  made  available  to  NOL 
frc”'  .  October  to  "  Octe  -'er  -C '5  3ua4  from  17  October  to  21  October 
19^'  Aor  ‘esting  tb*-  3” 'net  aiaoiete;  sprerital  force  gages  used 
di->ring  Oj oration  '".'earot.  Because  of  ^he  problem  of  blockage  of  flow, 
the  10* ' nch-dJanever  ^ages  were  not  teatec  in  this  shock  tube.  It 
V-*  estnati'd  that  flc^v  t.  ock  age  difficulties  would  not  be  significant 
for  the  3"l'''=h  gag '8  fnd  that  tbf  effects  pf  wall  proximity  in 
producing  shock  reflectioc^  w'ulC  b*  negiigl'Me  insofar  as  these 
'ignals  would  hardly  register  r>n  the  •wlatlv-jy  1«  w-1  requency  force 
dag*!*. 


Figure  7«1  ahows  the  3-inch  ff  rce  gage  .  ou’tel  at  (sting 
parallel  tc  the  flow).  Changes  in  inducta  .ce  of  :h*  pad-coil  circuit 
due  -to  elastic  dsflaction  of  the  gage  (t  aut-ed  ny  tht  applieu  loading) 
were  .-•apeeialble  for  chaagr^  In  the  frequencier  of  the  o.'.cii''ator8. 
The  oscillator  signal  wt'  fad  through  a  lis  rlJB:nator  see  F,  lure  2.1 
for  fha  similar  field  aetup)  ana  thence  to  an  oucJ  l.os'  ox>e  for 
j hotographic  racer dift  of  the  signal.  A  requency-  ^I  sra  ic-i  step 
•nd  ■.  tlrlBi.*  aigsal  were  recorded  with  th*-  ft  -ce  -e-  ^rd  on  the  same 
thug  providiag  a  laaans  of  ^oterpret’-ig  *he  -er  ra  ^n  temr’=; 
of  frequency  shift  (or  foroe,  frum  »he  ga^e  ca  ib  at  on  curv  • 

Pi.,ur«»  6,12,  for  exanq^le)  as  a  function  of  x  me. 

BPL  porio«»neI  recorded  the  «ide-^r  prestar  -t.ae  uignaturu 
cf  tne  inpxit  thoc:  waws  a.id  the  shoex  xTc  nt  /ej'-cl^y,  or  more 
precisely,  the  tire  for  ti.e  shock  front  tc  tr^'Yers*  he  distance 
between  twe  lixcl  points.  The  gage  statio.i  wis  iota  ed  such  that 
the  shock  was  we;l*foraed  by  the  tir  ?  !t  rea;  .et.  tie  '-tation  (except 
at  very-low  pressures  cf  the  order  <  f  2  psi)  md  s\  ah  that  reflec¬ 
tions  from  the  open  -.-.ad  of  the  tube  iir  ie+arn  soon  enough  to 
disturb  the  record.  Figure  7.2  show  th*  typical  pressure  records, 
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Figure  7.1  Plan  View  of  3-inch  Gage  and  Mount  in  BRL 
Shock  Tube, 

one  with  a  peak  of  about  8  psi,  and  the  other  about  3  psi.  The 
velocity-measuring  equipment  did  not  function  properly  at  very-low 
pressure?,  and  no  readings  were  taken  below  about  2  psi.  Essentially, 
then,  the  applied  aerodynamic  forcing  function  consisted  of  a  flat- 
topped  shock  wave  of  10  to  15  msec  duration,  followed  by  a  decay 
lasting  about  JtO  msec. 

The  parameters  under  investigation  included  surface  condition 
of  the  i:»ges,  effects  of  sealing  and  leakage  of  pressure,  effects 
of  daiiq-.lng  and  natural  frequency  of  gage,  and.  peak  static  over¬ 
pressure,  P  ,  (which  defines  the  other  shock -wave  properties, 
assuming  an  ideal  wave).  Surface  conditions  were  varied  from 

10  MILLISECONDS 


•  PSI 


3  PSI 


Figure  7.2  Typical  Pressure  Records  in  BRL  2l|-lhch 
&iock  Tube. 
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extreme  rotJghness  (surface  fouled  with  daripitir,  fluid  and  coarse 
particles)  to  a  slichtly  irregular  surface,  to  a  polished  surface, 
and  finally  to  a  reproducible  surface  consisting  of  a  very-thin 
rubber  cover.  Damping  varied  from  underdaaijed  to  overdamped,  and 
natural  frequency  varied  from  about  1*10  to  about  38O  cps.  Sealing 
was  varied  by  stripping  various  amounts  of  the  fliobond  J.oose 
frorr  the  base  seal.  Side-on  flat -top  o'>ferpressures  ranged  from 
2  to  20  psi. 

Some  of  the  qualitative  effects  of  these  parameters  may  be 
seen  in  the  force-time  records.  Figure  T-S  presents  typical  force- 
time  records  obtained  in  the  BRL  shock  tube  with  well -damped 
spherical  force  gages.  The  three  parallel  dotted  lines  are  fre¬ 
quency-calibration  steps,  with  2.5  msec  between  dots  (1^00  cps 
timing).  Note  the  general  similarity  to  the  side -on -pres sure 
records  of  Figure  7.2,  except  for  the  diffraction  spike.  The  exis¬ 
tence  of  the  diffraction  spike  and  the  dependence  of  spike 
amplitude  on  the  natural  frequency  of  the  force  gage,  as  illustrated 
in  Figiare  B.^,  are  discussed  in  Appendix  B.  Note  also  that  both 
sets  of  records  in  Figure  7*3  display  oscillations  of  about 
550  cps,  even  though  Gage  11  has  a  natural  frequency  of  330  cps 
and  Gage  10  has  a  natural  frequency  of  some  lUo  cps. 

Figures  l.h,  7.5j  and  7.6  show  the  qualitative  effects  of 
damping  on  the  force-time  signatures  of  Gages  18,  10,  and  11, 
respectively.  Figures  7-^  and  7-5  show  that  the  force  records 
from  underdamped  gages  exhibit  lower-frequency  oscillations  than 
the  records  from  the  we 11 -damped' gages.  Figure  7.6  shows  that 
Gage  11  can  vibrate  at  the  low  frequency,  whether  well  damped  or 
underdamped.  These  effects  will  be  discussed  quantitatively  in 
the  following  sections,  as  will  the  effect  of  gage  leakage  illustrated 
in  Figure  7.7. 

The  reduction  of  data  may  be  briefly  summarized  as  follows: 

1.  Peak  side-on  pressure  is  calculated  from  the  Rankine- 
Hugonlot  relations  for  the  ideal  shock  wave  by  the  use  of  the 
shock-front  velocity  measured  by  the  light  screen  and  the  taking 
of  ambient  temperature  into  account.  It  was  possible  to  account 
for  and  correct  those  situations  which  Involved  triggering  of 
the  light-screen  pickups  by  an  initial  overshoot  or  an  early 
spike  on  the  slow  buildup  of  the  lower  blast  pfessures  (these 
irregularities  are  clearly  visible  on  the  backup -pres sure -gage 
records,  such  as  Figure  7«2) .  It  was  also  possible  to  check  these 
corrections,  since  the  same  backup  pressure  gage  was  used  for  all 
shots,  and  its  calibration  (checked  against  the  light-screen 
peaks)  did  not  change  appreciably  during  the  course  of  the  tests. 

Once  having  identified  the  flat  top  (or  other  distinctive  signal 
which  triggered  the  light-screen  pickups),  it  was  possible  to 
scale  all  pressures  directly  from  the  pressure -time  records,  such 
as  that  given  in  Figure  7,L. 

2.  Dynamic  pressure,  q,  is  calculated  from  the  Rankine- 
Hugoniot  relations  for  the  entire  wave  history  corresponding  to 
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SHOT  18-22  (lO  PSn 
HIGH  FREQUENCY  GAGE  (NO.  11) 


tNCnr  90-4Z  (•  pti) 

LOW  FREOUe.NCY  CAGE  (NO.  10) 


Figure  7*3  Force  Records  for  Gages  vlth  High  and  Lov 
natural  Frequencies  In  the  BRL  Shock  Tube. 
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SHOTS  53-57  (10  PSD 


Figure  7.U  Xffect  of  Daoqpliig  on  Force  Records  of 
Gage  18« 
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SHOTS  45-47  (6  PSD 


SHOTS  85-87  (6  PSD 


UNDEROAMPED 


SHOTS  117,  IIS  (6  PSD 


Figure  7.5  Effect  of  Damping  on  Force  Records  of 
Gage  10. 
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UNDERDAMPED 


SHOTS  70,  72  (S  PSD 


Figure  7.6  Effect  of  Danplng  on  Force  Records  of 
Qage  U* 


U7 

CONFIDENTIAL 


SHOTS  166-170  (10  PSD  GAGE  COMPLETELY  SEALED 


Figure  7*7  Force  Records  for  Sealed  and  Leaking  Gageo 
In  BRL  Shock  Tube. 
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the  pressure  records.  (For  low-pressure  shocks,  such  as  those 
used,  it  may  be  shown  that  there  is  little  difference  between 
the  q  calculated  by  the  Rankine-Hugoniot  formula  and  the  q 
calculated  on  the  assumption  of  adiabatic  flow  within  the  wave.) 

3.  A  line  is  faired  through  the  midpoints  of  the  oscilla¬ 
tions  of  the  force-time  records  (more  precisely,  the  record  of 
frequency  shift  or  voltage  versus  time) .  At  any  instant  in  time 
the  signal  amplitude  is  measured  from  the  base  line  to  the 
faired  record  and  compared  with  the  calibration  step  on  the 
same  film.  This  amplitude  is  converted  to  a  frequency  shift, 
which  in  turn  is  converted  to  force,  F,  through  use  of  the 
static  calibration  curve  of  force  versus  frequency  (such  as  Figure 
6.12). 


U.  Dreig  coefficient,  C^,  is  computed  at  any  instant  in 
time  by  the  assumption  that  the  pressure  correction  for  the 
sealed  gage  is  applicable,  whence  =(F-aP^)/qA,  where 
and  q  occur  at  the  same  time  as  F.  The  leaky  Gage  10  is  treated 
in  the  same  manner,  the  effects  of  leakage  thus  showing  up  on 

the  time  curves. 

D 

5.  Oscillation  frequencies  are  estimated  by  the  comparison  of 
the  peak-to-peak  distances  of  the  oscillations  with  the  distance 
between  ohe  timing  signals.  The  more-sophisticated  methods  of 
frequency  analysis  were  not  warranted  at  this  stage  of  the  program. 

T.l.g  Results.  Using  the  above  procedures,  the  force  records 
obtained  in  the  BRL  shock  tube  were  reduced  to  curves  of  Cj^ 
versus  time  or  C_  versus  side-on-overpressure  (throughout  the  decay 
of  the  shock  wave)  for  any  one  shot,  versus  (peak  overpressure) 
for  all  shots,  etc.  It  was  hoped  that  the  curves  of  versus 
overpressure  for  each  shot  as  the  wave  decays  would  coincide  with  Cj^ 
ver-jus  peak  overpressure  for  all  shots,  since  this  would  signify  a 
direct  correspondence  of  with  overpressure,  regardless  of  the 
shape  of  the  shock  wave. 

Mention  has  been  made  of  the  fact  that  high-frequency  oscillations 
sometimes  appeared  on  records  obtained  with  low-frequency  gages.  For 
example.  Gage  dO  sometimes  exhibited  l40-cpB  oscillations  (its 
natural  frequency)  and  sometimes  it  appeared  to  oscillate  at 
about  550  cps,  either  one  or  the  other  mode  of  response  occurring 
when  loaded  by  apparently  identical  shock  waves.  The  next  item 
of  significance  noted  was  that  the  550 -cps  oscillation  was  common 
to  all  three  3 -inch-diameter  spherical  gages  tested,  regardless 
of  their  respective  natural  frequencies.  That  is,  all  three  gsges 
sometimes  appeared  to  vibrate  at  550  cps  and  sometimes  at  their 
own  natural  frequencies  (l4o  cps,  330  cps,  and  300  cps).  The 
third  fact  was  that  the  drag  coefficient  obtained  by  fairing  a 
line  through  the  oscillations  was  different  for  the  records  showing 
vibrations  at  550  cps  from  those  obtained  from  the  records  showing 
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A  GAGE  NO.  1 1 
□  SAGE  NO.  18 


VERTICAL  BAR  INDICATES  SCATTER 
OF  DATA  -  ONE  cr  FROM  MEAN  VALUE 


O 


Figure  7»B  Frequencies  of  Oeclllation  on  Force  Records  - 
ICL  Shock  Tube. 

the  Ijvrer  (mtural)  frequency  oscillations.  This  latter  fact 
is  pttr'^,calai*ly  disturbing;  however,  no  aerodynamic  significance 
is  a+tached  to  .H  at  this  time  for  the  following  reasons: 

X.  Figure  7.8  presents  the  data  on  frequency  of  oscillation 
appe-^ing  on  the  shock-tube  force  records.  Note  the  double -valued 
curves  "ox*  each  gage  (the  solid-line  curves  at  about  550  cps  and 
the  dashed  curves  roughly  at  gage  natural  frequency)  with  little 
dependence  on  P  and,  hence,  little  dependence  on  Mach  nianber. 

If  thi.’’  phenomenon  were  similar  to  the  vortices  breaking  away 
from  cylinders,  the  frequency  would  be  proportional  to  some 
consta-  t  ntrouhal  number  and  to  the  flow  velocity. 

2,  In  most  cases  where  the  550“Cps  oscillation  appeared 
on  the  force  signature,  the  same  frequency  signal  appeared  on 
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the  trace  hefore  the  shock  arrived  at  the  gage.  It  is  probable 
that  the  source  of  this  extraneous  signal  steins  from  shock -tube- 
wall  vibrations,  sting  and  mount  vibrations,  and  the  complex  inter¬ 
play  of  these  vibrations. 

Figures  7.9,  7.10,  and  7,11  show  that:  the  apparent  drag  coef¬ 
ficients  depend  on  the  oscillation  frequency;  the  drag  coefficient 


EACH  CIRCLE  REPRESENTS  THE  INITIAL  DRAG  O  WELL  DAMPED 

READING  (NOT  THE  SIFFRAGTION  SPIKE);  THE  ■O-  POORLY  DAMPED 

SOLID  CURVE  REPRESENTS  THE  DRAG  AT  •  COVERED  WITH  RUBBER 

5  MILLISECOND  INTERVALS  AS  THE  SHOCK  DECAYS 

/  RESPONSE  AT  ABOUT 

0-8  h  THE  NUMBER  BESIDE  THE  CIRCLE  INDICATES  THE 

NUMBER  OF  SHOTS  REPRESENTED  BY  EACH  CURVE 


Figure  7*9  Drag  Coefficients  for  Gage  i8  (3-inch, 
15-pounds)  in  BRL  Shock  Tube. 


appears  to  shift  during  the  course  of  each  loading  history;  the  drag 
coefficients  obtained  from  each  record  exhibiting  550  cps  seems  to 
follow  the  same  rough  CD  -  P  plot  as  the  initial  values  from  many 
shots;  and  the  degree  of  damping  influences  the  mode  of  oscillation. 
Having  presented  the  conclusions,  a  closer  examination  of  Figures  7.9, 
7.10,  and  7.11  is  in  order. 

The  dashed  curves  are  faired  through  the  circles,  which  represent 
the  mean  values  of  the  initial  Cjj  readings  for  several  shots,  the 
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nuBbex'  adjacant  to  eacli  circle  indicating  the  number  of  ehots  represented. 
Two  distinct  dSMhed  cxarves  ere  obtained,  one  where  the  initial  vibrations 
were  at  gage  natural  frequency  (check  Buu:ks)  and  one  where  the  initial 
vibrations  were  at  cps.  The  solid  curves  appended  to  each  circle 
represent  the  C.  values  taken  at  ^-asec  intervals  (generally  up  to 
20  Bsec)  as  the^shock  wave  decays. 

Figure  7.9,  for  Qage  I8,  shows  two  distinct  dashed  curves,  different 
by  a  factor  of  about  The  upper  dashed  curve,  characterized  by  initial 
vibrations  at  about  gage  natural  frequency,  appears  to  occur  when  the 
gages  are  poorly  damped.  In  each  case,  the  solid  decay  curves  rapidly 
drop  down  to  the  lower  dashed  curve  as  though  the  gage  were  leaking,  but 
then  level  off  parallel  to  the  dashed  curve. 

Figure  7.10  for  Oage  11  represents  a  much-more -exhaustive  set  of 
data.  Again,  there  are  two  dashed  curves,  although  for  this  gage  a 
point  on  the  upper  curve  sometimes  occurs  with  a  well -damped  gage 
(points  on  the  lower  curve  never  occvur  with  a  poorly  damped  gage).  In 
each  case  the  decay  curves  drop  from  the  upper  dashed  curve  to  the  lower 
dashed  curve/  whereas  the  decsy  curves  starting  on  the  lower  dashed 
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Figtire  7.11  Drag  Coefficients  for  Gage  lo  (3-inch, 
3-pounds)  in  BRL  Shock  Tube, 


curves  continue  to  coincide  with  tbs  lower  dashed  curve.  An  exception 
is  the  record  of  the  vary  dirty  gage  (saeared  with  grease  and  sprinkled 
with  large  particles  of  silica  gel),  which  falls  in  the  high  C-  region 
(even  though  the  gage  was  vibrating  at  high  frequency)  and  decide  in 
the  high  Cj.  region.  The  slightly  dirty  gage  acts  like  the  clean  gages. 
Its  being  covered  with  the  reproducible  rubber  surface  f lln  seems  to 
have  little  effect.  Drag  coefficients  do  not  seem,  therefore,  to  be 
particularly  sensitive  to  small  amounts  of  surface  roughness. 


Figure  7.11,  for  Gage  10,  reverses  the  position  of  the  dashed  curves, 
although  there  are  still  two  distinct  curves,  and  the  low-frequency  curves 
are  Induced  by  underdamping,  as  was  true  of  the  other  two  gages.  The 
decay  curves  for  each  shot  drop  rapidly  with  time,  probably  due  to  the 
fact  that  Gage  10  was  known  to  leak  rapidly  (see  Figures  6.l8  and  6.21). 
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Even  the  initial  C_  valuea  are  probably  about  15  percent  low,  due  to 
leakage  during  the^dif fraction  oscillatlona. 

Figure  7»12  illuatratea  the  decay  behavior  of  a  gage  with  various 
leakage  conditions.  (Brag  coefficient  is  calculated  as  for  a  sealed 
gage.)  Note  that  the  initial  point  is  unaffected  by  small  leaks  (O.OO8 
in”  opening  was  attained  by  stripping  of  l/li-inch  of  the  Pliobond  base 
seal,  a  hole  not  likely  to  exist  in  a  "sealed”  gage)  but  that  the 
decay  changes  radically  when  a  leak  exists.  It  was  on  this  basis  that 
the  initial  values  of  the  leaky  Gage  10  were  retained  and  reported. 

Figiire  7*13  summarizes  the  data  for  the  three  3-iiach  gages  tested 
in  the  BRL  24-inch  shock  tube.  The  amount  of  scatter  of  the  data  is 
quite  large,  pointing  up  the  need  for  many  shots  at  each  point*  The 
scatter  is  greatest  at  lower  pressures,  the  critical  Ksynolds  number 
regions  (see  Figure  6.I).  The  lateral  shift  of  the  critical  Reynolds- 
number  region  for  each  individual  gage  is  believed  responsible  for  the 
major  disparities  in  the  three  solid  curves. 

7.2  ARF  6-POOT-DIAMBrER  SHOCK  TUBE 

7.2.1  Procedure.  The  3-inch  and  10-inch  spherical  force  gages 
were  tested  in  the  Armour  Research  Foundation  (ARF)  shock  tube  in 
Gary,  Indiana,  from  9  November  through  19  November  1955.  This  6-foot - 
diameter  shock  tube  was  considered  suitable  for  the  10 -inch-diameter 
spheres  and  also  afforded  the  opportunity  to  study  the  loS'ling  effects 
of  a  peaked  shock  wave. 

The  parameters  to  be  investigated  Included  peak  shock  overpressure, 
slse  of  gage,  and  wave  shape;  this  letter  parameter  and  the  size  peramete 
were  tied  together  by  expressing  the  decay  rate  of  the  wave  relative  to 
the  transit  time  of  the  shock  front,  the  transit  time  depending  directly 
on  size. 

In  the  ARF  shock  tube,  the  shock  waves  were  generated  by  detonating 
various  lengths  of  primacord  upstream  of  the  model,  some  control  over 
duration  of  the  blast  being  afforded  by  variation  of  the  distance  of 
the  charge  from  the  stodal.  Shock  waves  produced  in  this  fashion  have 
a  sharp  rise  and  a  fairly  linear  decay.  Since  a  blast  wave  with  long 
duration  was  desired,  the  charge  was  placed  as  far  away  as  possible 
(about  100  feet),  which  resulted  in  a  positive  blast  duration  of  about 
25  Bisec. 

Figure  7*1^  consists  of  typical  P  records  obtained  from  ARF 
barium  tltanate  gages  mounted  flush  ln”the  wall  of  the  shock  tube.  The 
initial  peak  value  of  each  record  was  checked  with  the  value  obtained 
frost  shock -velocity  measurements,  also  made  by  ABF  personnel.  NOL 
personnel  recorded  the  force-gage  information  and  also  made  some 
supporting  P  and  q  measurements  with  an  SRI  gage,  which  contains 
Vluicko  preslvxe-senslng  elements  compatible  with  the  NOL  recording 
instrumentation.  The  NOL  instrumentation  was  similar  to  that  used  at 
BEL  (see  figure  7*'>5)* 
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GAGE  NO.  18  0‘,  19  LBS  )  IN  BRL  SHOCK  TUBE 

AREA  EXPOSED  TO  EXTERNAL  PRESSURE  INCREASED  BY  PROGRESSIVE  REMOVAL  OF 
PORTIONS  OF  PLIOBOND  BASE  SEAL 


Figure  7-12  Effect  of  Leakage  Area  on  C.-Tlae  or  C_-P 
Curves. 

SOLID  CURVES  -  OSCILLATIONS  ON  RECORDS  ARE  AT  ABOUT  550  CPS 
DASHED  CURVES  -  OSCILLATIONS  AT  ABOUT  NATURAL  FREQUENCY  OF  GAGE 


P»  (PSD 


Figure  7.13  Suaaarjr  of  Initial  Drag  Coefficient  in  DHL 
Shock  Tube  (Dashed.  Curves  of  Figures  7,9  through  7.11)  • 
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Figure  7*15  HOL  Recording  Instrumentation  -  ARP  Shock 
Tube  Tests. 


At  first,  the  force  gages  sere  mounted  on  the  floor  of  the  shock 
tube,  as  shoim  In  Figure  7.16.  Unfortunately,  however,  the  stress 
waves  in  the  shock-tube  mils,  generated  by  the  prinacord  explosions, 
arrived  at  the  gage  stat  ;,on  well  ahead  of  the  air  blast,  causing 
excessive  oscillations  c  i  the  force  records.  Atteapts  to  shock  mount 
the  gage  mounting  proved  unsuccessful,  and  it  was  finally  found 
necessary  to  anchor  the  gage  mount  outside  the  shock  tube  with  no 
contact  between  mount  and  tube  walls  (see  Figure  7. 17  and  7.l8).  The 
oscillations  were  thus  greatly  reduced,  as  nay  be  noted  in  Figure  7.I9. 

Although  the  initial  vibrations  were  considerably  reduced,  the 
records  for  the  lO-inch-dianeter  force  gages  were  still  virtually 
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Figure  7.18  View  of  Gage  Mount  Anchored  to  Floor  Out¬ 
side  of  AEF  Shock  Tube. 


BEFORE  AFTER 


Figure  7*19  Force  Records  from  Gage  11  (3-inch, 
25-pounds)  Before  and  After  Shock  Isolation  of  Gage 
Mount  -  4  psi  Overpressure  -  ARF'  Shock  Tube, 
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uiUfdadAble  (see  Figure  7*20  and  7*21)  •  Further  atteBqE>tB  to  deap  the 
10-lnch  gages  resulted  In  overdan^lng  of  the  net  (faired)  signal 
hut  did  not  renove  these  large -anplituds  oscillations.  (This  undesirable 
dsaping  characteristic  of  the  Schaevitz  force  gages  is  believed  due  to 
the  dUmiplng  force  being  dependent  on  ao^lltudbe  as  veil  as  velocity.) 

Since  these  10-inch-gage  records  verc  of  such  poor  qusdlty,  it  was 
decided  to  defer  the  testing  of  the  10-inch  gages  until  such  tiaie  that 
the  da.ni'^.ing  had  Improved  or  the  available  shock  durations  had.  increased 
considerably. 

The  remainder  of  the  test  program  was  carried  out  with  the  two 
3-lnch  gages.  Numbers  11  and  l8,  and  with  the  SBI  q  gage.  Figures  7.22 
and  7«23  show  typical  records  obtained  with  these  gages.  Note  the 
reflection  of  the  shock  wave  from  the  closed  end  of  the  shock  tube, 
arriving  some  iK)  msec  after  the  initial  ahock. 

7.2.2.  Results.  In  the  ARF  shock  tube,  the  3 -inch  spherical  force 
gages  dj.v?  not  reproduce  the  behavior  of  vibrating  either  at  about 
550  cpa  or  at  their  natural  frequencies.  Instead,  as  may  be  seen  in 
Figure  7.2^^,  the  two  3-ibch  gages  oscillated  over  a  more  or  less  ccn- 
tlnuous  frequency  band  between  their  natural  frequeniles  (330  cps  to 
380  cps)  and  550  cps*  Further,  it  was  not  possible  to  show  correlation 
betw^^en  frequency  of  vibration  and  drag  coefficient.  Thuc,  the  Identlca.) 
force  gages  were  found  to  respond  in  one  manner  in  the  BHL  tests  and  in 
another  in  the  ABF  testa. 

The  plots  of  C-  versus  time  as  each  shot  decays  show  a  tendency 
to  rise  os  the  pressure  dropa,  regardless  of  the  initial  pi'essure  (see 
Figure  7*25)*  This  may  be  valid  response  to  a  peaeed  shock  (see  the 
negative  values  Illustrated  in  Figure  1.3),  or  the  supporting  pressure^ 
tiiae  records  may  be  Incorrectly  reading  the  shock  decay.  Flgtire  7*26 
shows  that  the  NOL  check  points  on  pressure  fall  somewhat  (about  20 
percent)  below  the  ABF  readings,  and  the  measurements  of  q  agree  about 
as  well.  However,  the  NOL  q  records  do  not  decay  as  rapidly  as  the  q 
calculated  from  the  ABF  pressure  records.  Unfortunately,  these  dis¬ 
crepancies  were  not  resolved,  and  the  reasons  for  the  shape  of  the 
Cp  -  decay  curves  of  Figure  7«25  must  be  the  object  of  future  study. 

In  general,  only  two  shots  were  made  at  each  pressure,  hence  the 
''estimated  curves"  of  Figure  7«27«  Beasonable  curve  shapes  were 
selected  to  pass  through  the  points  of  Figure  7*25,  but  the  quantitative 
values  of  are  not  believed  to  be  reliable.  It  Is  recommended  that 
this  serles^of  tests  using  peaked  shock  waves  be  repeated  with  about 
10  shots  at  each  pressure,  with  several  cross  checks  made  of  the 
supporting  pressure  messuretoents. 

7.3  NOL  40-BY-40-CM  (I6-INCH)  WIND  TUNNEL 

T«3«l  Procedure.  The  NOL  40-by-40-cia  wind  tunnel  was  rain  in  the 
subsonic  and  transonic  ranges  5  and  6  December  1955  for  wind  tunnel 
tests  of  the  3 -inch  spherical  force  gages.  As  in  the  case  of  the  BRL 
shock  tube,  the  10 -inch-diameter  spheres  were  considered  too  large  for 
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SHOT  18—  4.0  PSI  SHOT  20  -  4.1  PSI 

BEFORE  SHOCK  ISOLATION  OF  CAGE  MOUNT 


SHOT  21  -  4.9  Ml  SHOT  22  — 2.9  PSI 

AFTER  SHOCK  ISOLATION  OF  SAOC  MOUNT 

Figtare  7.20  Force  Records  jfrooi  Gage  7  (.lO-inch, 
UOO-pounds)  in  ARF  Shock  Tube. 
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SHOT  30 -  5.0  PSI 


SHOT  - 


Figxire  7*21  Force  Records  from  Gege  k  (lO-inch, 
S^-pounde)  in  ASF  Shock  Tube. 


SHOT  29  —  II  PSI  SHOT  42  -  22  PSI 


Figure  Y.22  Force  Records  from  Gage  11  (3-inch, 
25  pounds)  in  ARF  Shock  Tube. 
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15  q  —  6.6  PSf  16  q  -  8.7  PSI 

Figure  T«23  P  and  q  Records  from  SRI  Gage  in  ARF  Shock 
Tube. 
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this  test  facill'cy,  so  the  tests  were  restricted  to  performance  of  the 
3-inch  gages  and  the  SRI  q  gage  under  steady  wind-tunnel  conditions. 

The  parameters  under  investigation  in  this  test  were  Mach  number, 
angle  of  attack,  damping,  and  gage  surface  condition.  Also  of  interest 
was  the  performance  of  a  gage  with  base  seal  removed,  since  this  would 
supply  some  cl\ie  as  to  the  location  of  a  leak  when  a  gage  is  placed  in 
a  very -long-duration  flow  (see  Figure  6.20). 

Figure  7*28  shows  a  3-inch  force  gage  mounted  in  the  wind  tunnel 
at  an  angle  of  attack  of  about  15  degrees.  The  rack-driven  sector  was 
controlled  externally  and  was  used  for  angles  between  C  (axial)  and 
30  degrees.  This  wind  tunnel  is  the  blowdown  type,  air  beiiig  drawn 
from  the  atmosphere,  down-stream  through  the  test  section,  to  a  large, 
evacuated  reservoir. 

The  Instrumentation  (see  Figure  7*29)  vas  somewhat  different  from 
that  used  in  the  shock-tube  tests.  Tape  recordings  were  made  of  the 
force  and  pressure  records  throvighout  the  relatively  long-duration 
blows  (up  to  about  30  seconds  duration).  Figure  7«30  shows  a  typical 
set  of  force  records  (Y  and  Z  axes)  as  played  back  from  the  tape 
recording.  Rote  the  slow  rise  to  the  desired  flow  rate  (lines  100  msec 
apart)  and  the  fairly  slow  shut  down,  achieved  by  the  quick-acting 
valve  between  test  section  and  evacuated  chamber.  The  time  during  each 
blow  was  long  enough  so  that  the  reasonably  steady  force  level  could 
be  read  on  an  E-put  meter.  However,  there  was  not  enough  time  for  more 
than  one  or  two  readings;  and  since  the  signal  did  vary  dyramioally 
(vibrations  of  the  model),  the  tape  readings  remained  the  omary  source 
of  force  data. 

To  record  the  model  vibration  freqvienciee  *nd  amplitudes,  the 
oscilloscopes  in  Figure  7>29  were  tripped  at  some  time  during  the 
course  of  each  blow,  producing  records  such  as  those  of  Figure  7. 31. 

Use  of  the  scopes  provided  a  further  check  on  the  force  level  measured 
on  tape  and  E-put  meter.  A  base  line  was  placed  on  each  scope  film 
immediately  before  each  blow,  the  distance  from  the  centerline  of  the 
vibrating  signal  to  the  base  line  being  proportional  to  the  net  force 
reading.  Despite  the  possibility  of  drift  of  the  scope  base  line,  there 
was  good  agreement  between  the  force  readings  obtained  by  all  three 
methods. 

Rote  that  the  ambient  static  pressure  about  the  gage  in  the  wind- 
tunnel  tests  is  below  atmospheric  pressure  (contrary  to  conditions 
existing  in  shock  wave  flow),  since  the  total  head  of  the  air  is  equal 
to  ambient  atmospheric  pressure.  Figure  7*32  illustrates  this  fact  and 
fvirther  demonstrates  that  q  is  about  equal  to  the  static  underpressure. 
The  high  values  of  q  indicated  by  the  SRI  gage  on  Figure  7*32  are 
probably  due  to  the  fact  that  the  gage  readings  were  not  corrected  for 
compressibility  effectu  (see  Equation  6.2), 

7.3»2  Results.  Frequencies  of  vibration  of  Gages  11  and  l8  (natural 
frequencies  of  330  and  3^  cps,  respectively)  in  response  to  wind-tunnel 
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Figure  7.28  Three-inch  Force  Gage  in  NOL  lK)-by-40-cm 
Wind  Tunnel. 


Figure  7»29  Instrumentation  for  NOL  Wind  Tunnel  Test. 
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Figure  7. 30  Tape  RecorditigB  of  Force  During  Blov  in 
NOL  Wind  Tunnel, 


GAGE  NO.  il 

BLOW  fB  -  M*  0.76 
BLOW  19  -  M»0.59 
BLOW  20-M»0.38 
BLOW  21  -  M  =0.19 


Figure  7*31  Vibration  of  3 -inch  Sphere  in  SteB(3y  Air 
Stream  NOL  Wind  Tunnel, 
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Figure  7*32  Cwnpeurison  of  SHI  q  Gage  Headings  with 
Wind  Tunnel  Instrximentation. 

loads  are  ahovn  In  Figure  7«33<  Although  the  mean  response  frequencic 
are  above  the  gage  natxiral  frequencies,  there  is  a  considerable  amour'' 
of  scatter  of  the  data,  and  the  mean  curve  does  not  clearly  fall  on 
55^  cps  as  distinctly  as  the  BRL  shock-tube  data.  Further,  no  ccrrelt 
betireen  frequency  and  drag  coefficient  was  found,  again  contrary  to  BI 
shock -tube  experience. 

Aaq>lltudes  of  vibration  of  the  force  gages  are  presented  in 
Figure  7*3^«  These  numbers  are  below  those  experienced  in  the  shock 
tubes  by  about  a  factor  of  5* 

Figure  7»3'!>  presents  the  di -g -coefficient  data.  Any  differences 
in  drag  coefficient  due  to  variations  in  the  parameters  of  daupiug, 
frequency,  and  moderate  fouling  of  the  shell  are  obscured  by  the 
scatter  of  the  data.  In  the  ease  of  the  gage  wlthoiit  a  base  seal, 
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FREQUENCY  OF  VIBRATION  <CPS) 


MACH  NUMBER 


Figure  7*33  Frequencies  of  Vibrations  on  Drag  Force 
Records  -  NOL  Wind  Tunnel, 


MACH  NUMBER 

Figure  7«3*^  Amplitudes  of  Vibra-' ' '-<0  ,  .v  Force 

Records  »  NOL  Wind  Tunnel. 
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figure  7 *35  Coefficients  in  NOL  Wind  Tunnel. 

however,  the  results  are  considerably  at  varismce  vlth  the  mean-drag* 
coefficient  curve,  nore  so  than  is  predicted  by  Equation  6.8  (which 
places  the  naxiBusi  error  due  to  rapid  leakage  from  any  part  of  the 
shell  at  t  o.l).  The  explanation  may  be  that  this  difference  in  drag 
coefficient  for  the  unsealed  gage  is  not  merely  a  static -pressure 
effect  but  represents  an  aerodynamic  factor  of  significance  in  the 
critical  Reynolds -number  region.  Some  support  for  this  explanation 
lies  in  the  evidence  that  the  differences  exist  at  the  Juv  Mach  numbers 
but  not  at  M*^  0.75* 

7.4  17EMB  7-BT-lO-POOT  TRAIBOHIC  WIHD  TUMIEL 

7.4,1  Procedure.  The  same  3 -itch  and  10-inch  force  gages  as  had 
been  used  for  the  previous  laboratory  experimentation  were  used  again 
in  the  7-by-lO-foot  transonic  wind  tunnel  at  the  David  Taylor  Model 
Basin  (DTMB)  from  3  to  13  April  1956.  The  test  section  was  ample  in 
size  to  accomodate  the  10-inch  sphere,  as  nay  be  seen  in  Figures  7.36 
and  7.37.  The  sting  could  be  turned  through  the  required  yaw  angles 
by  remote  control  while  the  tunnel  was  in  operation  (the  wind  tunnel 
can  be  run  continuously), 

Thu  paracjaters  under  investigation  in  this  test  were  Mach  number, 
angle  of  attack  of  flow,  and  Reynolds  number.  This  latter  parameter 
varies  with  the  Mach  number  of  the  flow  and,  saao,  with  size  of  sphere. 
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Figure  7*36  Three-inch  Spherical  Force  Gage  in  OTME 
7“hy-io-foob  Transonic  Wind  Tunnel. 


Figure  7«37  Ten-inch  Spherical  Force  Gage  in  HIMB 
7-by-lO-foot  Transonic  Wind  Thinnel. 
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The  T-hy-lO-foot  teet  section  permitted  tests  of  the  10 -inch  spheres, 
as  well  as  the  3-inch  spheres.  Besides  serving  to  provide  Reynolds 
nnaiber  differences  from  the  10 -Inch  spheres,  the  3 -inch  spheres  were 
expected  to  afford  direct  drag  coefficient  comparison  hetween  spheres 
in  the  HOL  wind  tunnel  and  the  OTMB  wind  tunnel. 

The  ITMB  transonic  wind  tunnel  was  run  with  the  test  section 
suhstantially  at  atmospheric  pressure  (test  section  vented,  or  TSV) 
and,  also,  with  settlir^  chamber  vented  (SCV),  which  produced  subatmos- 
pheric  pressures  in  the  test  section  similar  to  NOL  wind-tunnel  test 
conditions.  These  two  sets  of  conditions  afforded  some  small  variation 
in  Reynolds  number  at  the  same  Mach  number  and  provided  more  information 
on  pressure  effects  on  these  gages.  Gross  comparisons  of  the  effects 
of  R  and  static  pressure  on  were  observed,  and  pressures  were  n ensured 
inside  the  lO-inch-force-gage^shells  to  obtain  data  on  leakage  charac¬ 
teristics. 

Some  difficulty  was  encountered  at  first,  due  to  the  presence  of 
dust  in  this  new  faicility  (NOL  was  the  first  user  of  the  nn©  transonic 
wind  tunn^'' ) .  This  resulted  in  sand-blasting  of  the  shell  of  Gage  l8 
(see  Figui’e  7*38).  After  several  days  of  cleaning  and  filtering,  however, 
this  source  of  difficulty  dl8apx>eax«d,  and  the  remainder  of  the  program 
was  completed  as  planned. 

The  instrumentation  (see  Figure  7*39)  vas  similar  to  that  used  for 
the  NOL  wind-tunnel  test.  For  this  continuously  running  tunnel,  however, 
the  readings  of  the  E-put  meter  were  of  great  value,  because  many  readings 
could  be  taken  durltsg  each  run  and  the  variations  (due  to  vibration,  eto) 
could  be  averaged  out.  Fig'ore  7.4o  shcfws  typical  vibration  records 
tsken  by  tripping  the  scopes  during  m  run,  as  had  been  done  during  the 
NOL  test.  Besides  the  scope  vibration  records  and  £-put  readings,  the 
drag  forces  were  recorded  on  tape  for  a  considerable  length  of  time 
during  each  run. 

7.k,2  Results.  Figure  7***1  presents  the  data  on  frequencies  of 
vibrations  of  lO-ioch  Gages  U  and  7>  and.  of  3-iQCh  Gage  11  in  the  DTMB 
trcDsonic  wind  tunnel.  Ccsparlson  of  the  data  for  Gage  11  with 
NOL  data  for  Gages  11  and  l8  (see  Figure  7*33)  ehows  that  the  mean  niMB 
curve  is  below  the  mean  NOL  curve,  althou^  the  difference  is  not  too 
significant  In  view  of  the  scatter  in  the  data. 

The  performance  of  the  lO-lnch  gage  can  only  be  compared  with  the 
results  of  the  ARF  6-foot  shock  tube  (Figure  7*24).  Gage  4  vibrated 
at  its  natural  frequency  of  100  cps  in  both  teats;  Gage  7  vibrated  at 
its  natural  frequency  of  about  230  cps  in  the  ARF  test  but  vibrated 
somewhat  below  200  cps  in  the  nntB  test. 

Amplitudes  of  vibrations  of  the  force  gages  are  presented  in 
Figure  7.42.  Good  agreement  is  obtained  between  ITMB  and  NOL  data 
(Figure  7.34),  but  both  and  10-inch -wind-tunnel  vibration 

amplitudes  are  about  a  factor  of  3  lover  than  those  experienced  In  the 
shock  tu  es.  Note  that  the  400-pouad  Gage  7  *nd.  35-pound  Gage  4 
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Flgxire  7.38  Sand-Blasting  of  Shell  of  3 "inch  Sphere 
Due  to  Dust  In  DTMB  Transonic  Wind  Tuxmel. 


Figure  7 -39  NOL  Instrumentation  -  Force  Gage  Test  at 
DUMB  Transonic  Wind  Tunnel. 
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GAGE  NO.  li  (3",  25  LBS) 


/ 


RUN  19-  <A  » O',  M»0.603 


RUN  20-<A«0*,  M>  0.749 
60  fXj  TIMING 


GAGE  NO.  4  ( 10  \  35  LBS) 


RUN  25 —oc  •  !5*,  M»  0,403 


RUN  22 0«  ,  M*  0.406 


Pigxire  7.U0  Vl'brations  of  Spheres  in  Steady  Plow  at 
nPMB  Transonic  Wind  Tunnel. 
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Record  DtTMB  Transonic  Wind.  Tunnel. 
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vibrated  with  the  saine  force  anplitude,  even  though  the  amplitude  of 
motion  its  the  air  stream  of  the  SS-pound  gage  is  about  10  times  that 
of  the  J<^00-pound  gage.  The  conclusion  is  drawn  from  this  fact  that 
the  model  motion  is  not  usually  an  important  factor  in  drag  force 
considerations . 

Figssre  presents  the  KHffi  wind-tunnel  data  on  drag  coefficients. 

The  small  changes  in  Reynolds  nssmber  induced  by  venting  the  test  section 
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Figure  7*^3  Drag  Coefficients  in  DTMB  7-by-lO-foot 
Transonic  Wind  Tunnel. 

appeared  to  have  little  effect  on  drag  coefficient,  as  did  the  removal 
of  the  base  seal  of  Gage  4.  This  latter  result  is  in  harmony  with  the 
internal  pressure  measurements  on  Gage  4,  which  showed  little  change  in 
internal  pressure  when  the  Pllobond  base  seal  was  reuovedw 

Comparison  of  drag  coefficients  obtained  at  DTMB  with  those  at 
NOL  (Figure  7*46)  shows  the  NOL  data  higher  than  the  DTMB  data.  This 
difference  may  well  be  due  to  different  gage  leakage  characteristics 
dviring  the  different  tests.  However,  this  question  cannot  be  resolved, 
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since  the  internal  pressures  vere  not  measured  for  the  3 -inch -diameter 
gages,  and  it  vas  the  3-lQch  gages  vhich  vere  tested  in  both  facilities. 
For  more-precise  vind-tunnel  data  (better  than  the  +  0.1  on  ^  for  a 
leaking  gage),  more  tests  are  recommended  vlth  a  redesigned  force  gage 
or  vith  Internsd  pressure  measurements  in  existing  gages. 

7.5  DISCUSSION  OF  RESUDPS 


To  compare  gage -performance  data  in  wind  tunnels  and  in  shock 
tubes,  it  is  necessary  to  reduce  the  independent  variables  of  Meu:h  number 
and  slde-on  overpressure  to  some  common  basis.  Following  the  lesui  of 
the  aerodynamicists  in  order  to  make  use  of  the  published  data  on  drag 
coefficients  (see  Figure  6.I),  the  independent  variables  selected  for 
purposes  of  presentation  are  Mach  number  and  Reynolds  number.  Since 
the  drag  phase  of  the  loading  is  of  principal  concern,  the  following 
analysis  of  flow  conditions  behind  the  shock  front  is  made,  Mach  number 
relating  the  motion  of  the  particles  within  the  wave  with  the  local 
speed  of  sound  within  the  wave. 

Defining  symbols: 

C  -  Speed  of  sound 
D  -  Diameter  of  sphere 
M  -  Mach  number  ■  u/C 
Ps  -  Side -on  overpressure 
R  -  Reynolds  number  =*^Du/v 

T°  -  fempefafeure 

u  -  Particle  velocity  in  shock  wave 
V  -  Viscosity  of  air 
p  -  Density  of  air 

Subscript  o  refers  to  ambient  conditions  before  paussage  of  the  shock  wave. 


In  order  to  obtain  aua  expression  for  Reynolds  number  in  terms  of 
some  ambient  preshock  parameter,  the  artificial  Reynolds  number 
tv* 

R  ■  ^  i*  introduced,  and  the  variation  of  R/R^  with  shock 

O  0  0*  •'O  0 

strength  is  considered.  First  consider  the  individual  ratios  involved  in 
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throxigh  application  of  Rankine-Hvigoniot  equation.  *»  for  a  clean 
shock.  A  simple  expression  for  viscosity  of  air,  which  closely  fits  the 
data  of  Reference  38  for  the  teBq)eratureB  Involved  in  the  range  of  shock 
overpressures  through  about  30  psl: 

V  »  2.60  Micropoises  (T  in  °K)  (7.3) 


may  bs  combined  with  the.  Rankine-Hugoniot  equation: 


to  yield  the  expression 


v° 


+ 


A 


(6 


Combining  Equations  7.1,  7.2,  and  7.5 


Fortunately,  the  numerical  value  of  the  esqpression 


(7.J^) 


(7.5) 


(7.6) 


remains  remarkably  constant  for  the  overpressure  range  of  interest, 

namely,  O.IP  <  P  <  2P  : 

0  s  ^  0 


p  /p 
s'  0 
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Pg,  for  P^  »  i4.7  psi 

1.U7 

2.94 

14.7 

29.4 

1  —  I.  P  1.25 

0.715 

0.720 

0.726 

0.701 

p  1.75  p  0.7; 
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Uilag  0,72  as  a  representative  value: 


This  relationship  may  he  useful  when  scallxig  from  ambient  conditions 
to  sea  level.  For  standard  conditions >  with  »  II30  fps, 

=*  0.075  Ih/ft^,  and  “  I85  mi^ropoises  for  =*  70°F 

R  “  ^5.82  X  loS,  with  D  in  feet 

fs  P 

and  E  «  1^.91  X  10  D  s  (7.8) 


Figure  7.^^  contains  a  plot  of  Equation  7*8  and  also  a  plot  of  local 
Mach  number,  u/C,  obtained  from  the  Rankine-Sugoniot  equation 


M^ 


7 


/P  x' 

LJ—2L 

+  1) 


(p  /p 
'  s'  o 


(7.9) 


On  this  same  figure  are  included  empirical  ctirves  of  R  versus  M  for 
the  NOL  and  KSMB  wind  tunnels. 


Converting  ths  curves  for  shock -tube  vibration  frequency  from 
a  Pg  to  a  Mach  number  plot  through  the  use  of  Figure  the  com¬ 

parison  nay  now  he  made  between  shock-tube  end  wind-tunnel  vibration 
frequencies.  Figure  J.k5  contaitxa  this  data  from  the  ART  and  BPJL 
shock  tubes  and  the  BflMB  and  NOL  wind  tunnels.  The  IC-inch-diameter 
gages  (Numbers  4  and  7)  appear  to  vibrate  at  about  their  nat^rral 
frequencies  of  100  cps  and  250  cps,  respectively,  both  in  the  shock 
tube  and  the  wlnd-t\innel  envlromsent . 


As^lltudes  of  vibration  were  about  five  times  as  high  in  the  shock 
tubes  as  in  the  wind  tunnels.  (The  shock-tube  readings  were  taken 
shortly  after  the  dJXfraction-lnduced  oscillations  had  <iied  dove.) 

This  may  only  be  due  to  the  short  duration  of  the  shock -tube  flew, 
however,  rather  than  a  fundamentsCL  difference  between  shock-wave  and 
wlnd-timnel  flow. 

Many  tests  were  made  in  the  shock  tubes  and  wind  tunnels  with  the 
sting  at  angles  of  attack  to  the  flow  other  than  0  degrees.  The  sting 
effect  is  such  that  a  small  angle  oi  attack  induces  a  large  indicated 
angle  of  force  (calculated  from  the  orthogonal  components  of  force). 

These  indicated  angles  are  very  sensitive  to  Mach  number,  Pieynolds 
number,  etc.  The  data  obtained  in  the  shock  tubes  and  wind  tunnels  were 
widely  scattered;  the  sphericel  force  gage  with  a  sting  is  suitable 
for  indication  of  direction  of  blast  flow  only  if  dynamically  calibrated. 


For  purposes  of  comparing  drag  coefficients,  the  wind-tunnel  data 
are  averaged  in  Figure  7*46  (no  ejq>lanation  is  offered  at  present  for 
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Figure  7*^6  Comparison  of  Drag  Coefficients  Obtained 
in  DTMB  and  NOI-  Wind  Tunnels. 
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Flgwe  7.U7  Conmaiison  of  Drag  Coefficients  Obtained 
In  ABF  and  BRL  ShocU  Tubes, 
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i'igvre  7,4-8  Comparison  of  Wind  Tunnel  and  Shock  Tube 
Drag  Coefficients  for  Spheres. 

the  differences  between  DTMB  and  NOL  wind-tunnel  data),  and  the  shock- 
tube  data  are  averaged  in  Figure  7* ^7*  the  case  of  the  shock -tube 

data,  only  those  at  the  550-cps  nx^  obtained  at  BRL  are  averaged, 
since  the  natural -frequency-stode  data  depend  on  the  natural  frequency 
of  the  Individual  gage,  and  the  ABF  shock-tube  data  are  provisionally 
discarded  as  being  either  unreliable  (too  few  readings  at  a  point 
and  conflicting  pressxire  measurements)  or  a  function  of  rate  of  decay 
of  the  peaked  shock.  These  averaged  curves  are  transposed  to  a  common 
Mach-nuBtber  and  Reynolds -number  basis  through  the  use  of  Figure 
thus  allowing  a  fined  comparison  as  presented  in  Figure  7>^8* 

Considering  the  process  by  which  the  Teapot  curves  of  Flg\ire  7.48 
were  derived  and  the  tremendous  spread  of  the  previously  published  data 
on  drag  coefficients  of  spheres  (with  and  without  stings),  the  agreement 
la  tinily  remarkable.  The  tentative  conclusion  is  drawn  that  wind-tunnel 
and  shock -tube  drag  coefficients  are  the  same,  after  some  7?  transit 
times  have  elapsed.  However,  this  time  for  establishment  of  the  drag 
phase  is  not  well  established,  and  there  is  much  scatter  in  the  Teapot 
laboratory  data.  For  these  reasons,  the  Teapot  laboratory  program  must 
be  considered  as  a  starting  point  in  a  program  to  establish  a  sound 
basis  for  engineering  approximations  of  drag  loading  of  structures. 
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Chapter  8 

CONCLUSIONS  AND  RECOMiVIENDATIONS 

8.1  CONCIUSIONS 

The  general  objectives  of  the  laboratory  investigation  have  been 
fulfilled.  Buc  because  of  the  cursory  investigation  of  many  of  the 
problems,  the  results  of  this  program  should  be  considered  of  a 
preliminary  nature.  Drag  coefficient  versus  time  (or  P  )  for  spheres 
exposed  to  clean  shock  waves  are  presented  in  Figures  7*9  through  7*13 
and  Figures  7*25  and  7«27>  drag  coefficients  for  spheres  in  steady 
wind-tunnel  flow  are  presented  in  Figures  7-35>  7*%  and  7*^6;  and 
the  comparison  of  shock -tube  drag  coefficients  and  wind-tunnel  drag 
coefficients  is  made  in  Figure  7.48. 

Although  i'y  was  concluded  that  the  wind  1  drag  coefficients 
ware  comparable  to  the  shock -tube  drag  coefficients,  the  title  for 
establishment  of  steady  drag  in  a  shock  wave  appeared  to  vary  from  a 
very  short  time  to  about  75  transit  times.  Since  75  transit  times 
represents  a  considerable  duration  when  referred  to  a  large  structure 
(for  a  dome  of  50 -foot  diameter,  75  transit  times  is  about  3  seconds, 
much  longer  than  the  entire  positive  duration  of  Shot  12)  and  the 
loads  dxiring  these  75  transit  times  ar'e  much  higher  than  the  steady- 
drag  values,  it  is  concluded  that  further  laboratory  effort  is  required 
to  determine  reliable  limits  of  the  transient  drag  phenomena. 

8.2  RBCCM4ENDATI0NS 

Before  embarking  on  an  extensive  course  of  laboratory  investigations 
in  the  future,  it  is  recommended  that  the  laboratory  tools  be  imiroved 
considerably.  The  force -gage  pe'  formance  can  be  improved  through 
redesign,  either  to  seal  the  shell  completely  or  take  pressure -time 
readings  inside  the  shell  or  to  admit  P  inside  the  shell.  Further 
gage  develojaient  is  suggested  along  the^lines  of  better  damping  and 
higher -frequency  response. 

The  fields  of  investigation  that  appear  to  be  of  most  immediate 
promise  include;  (l)  effects  on  Cj.  of  wave  shape  and  dviration,  such  as 
longer  flat-topped  shocks,  varying  rates  of  decay  of  peaked  shocks, 
and  shocks  with  slow  rise  times;  (2)  turbulence,  either  generated  by 
wire  meshes  for  its  effect  on  Cj.,  or  measured  quantitatively,  or  both; 

(3)  effects  of  dust  on  q  gages  and  force  gage  models;  (4)  measureirent 
of  the  diffraction  loading  on  three-dimensional  models  to  define  with 
greater  precision  the  effects  of  the  transition  from  the  diffraction 
phase  to  the  drag  phase;  and  (5)  effects  of  target  geometry. 

It  is  expected  that  the  results  of  any  future  field  programs 
involving  force  measurements  on  drag  targets  will  be  of  considerable 
scientific  and  military  interest,  provided  the  laboratory  investigations 
are  completed  beforehand  to  provide  a  framework  of  basic  information 
so  that  the  isolated  field  measurements  may  be  properly  assessed, 
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Appendix  A 

PRESSURE-TIME  MEASUREMENTS 
ON  3.2t  STRUCTURE 


A.l  TEST  CONDITIONS 

The  Naval  Ordnance  Laboratory,  as  participant  in  Program  3  (Shot 
12  only),  re instrumented  with  pressure  gages  a  steel-reinforced  concrete 
structure  used  previously  on  the  UIBHOT -KNOTHOLE  Operation.  This 
structure,  a  6-by-6-by-12-fcot  cubicle,  located  2,200  feet  from  ground 
zero  in  the  desert  area  (and  approximately  200  feet  south  of  the  blast 
line)  was  identified  as  3 -It  during  Operation  Upshot -Knothole  and  as 
3.2t  during  Operation  Teapot. 

Twenty-four  pressure-time  gages  were  distributed  flush  with  the 
front,  top,  side,  and  rear  surfaces  of  the  structure,  as  shown  in 
Figure  A.l.  The  instrumentation  system  used  to  obtain  the  measure¬ 
ments  was  the  same  as  was  used  during  Upshot -Knothole  (Reference  29) 
and  the  recording  and  playback  equipment  is  described  in  detail  in 
References  29  and  39  and  in  general  jn  Part  1  of  this  report.  The  NOL- 
modified  Wiancko  pressure  gsge  was  used  again  for  the  transducer  unit. 

The  characteristics  of  this  gage  are  described  in  detail  in  Reference  4o. 
Briefly,  these  characteristics  can  be  summarized  as  follows: 

1.  Frequency  Response.  In  normal,  torsional  movement  (damped), 
appromimately  900  cps;  in  extraneous  cantilever  motion,  250  to  800  cps. 

2.  Damping.  Appromimately  0.2  to  O.U  of  critical  to  limit 
rirging  and  minimize  creep;  gage  ringing  lasts  for  approximately  k  msec. 

3.  Acceleration  Sensitivity.  A  10-g  impact  produces  a  l-psi 
signal  on  a  20-p8i  gage,  caused  by  cantilever  action  of  the  twisted- 
tube  sensing  element. 

h.  Temperature  Sensitivity.  Thermal  energy  entering  directly 
into  the  twisted  tube  causes  torsional  movement  of  the  tube  and  thus 
electrical  signal.  Where  required,  small  aluminum  shields  are  placed 
in  front  of  the  gage  to  prevent  direct  entry  of  thermal  rays. 

5.  Static  and  Dynamic  Calibration  Accuracy.  Within  +  2  percent 
of  the  applied  pressure.  The  overall  instrumentation  has  the 
characteristics  of  an  underdamped,  nonlinear  system  with  the  gage 
being  the  limiting  unit.  With  the  gages  operating  near  nominal  range, 
maximum  error  in  pressure  determination  is  no  more  than  5  percent. 

Time  resolution  of  the  system  is  approximately  0.2  msec  and  timing 
errors  0.05  percent. 
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The  geometric  relationship  "between  the  burst  point  and  the  eight 
gages  on  the  front  face  of  the  structure  was  such  as  to  permit  direct 
thermal  radiation  to  enter  the  Wiancko  gage  twisted-tube  sensing 
elements.  To  prevent  this  direct  entry  of  thermal  rays,  2-by-2-inch 
alxmiinxan-foil  shields  were  placed  h  inches  in  front  of  those  gages  in 


Figure  A.l  Gage  Locations  on  Structure  3 •St. 

the  line  of  sight  between  the  burst  point  and  the  individual  gages.  The 
shields  were  so  mounted  and  secured  as  to  give  minimum  interference  with 
the  blast  wave. 

A,  2  RBBUITS 

The  instrumentation  functioned  satisfactorily;  all  gage  signals 
were  recorded,  and  signal  levels  were  near  the  rated  range  of  the 
gages,  so  good  reading  accuracy  was  obtained.  Unfortunately,  six  of 
the  eight  front -face  gage  records  showed  evidence  of  direct  thermal 
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incidence  on  the  gagea;  base-line  shifts  starting  shortly  after  zero 
time  occurred  on  these  records.  The  high  surface  winds  prevailing  for 
hours  between  the  time  of  po8itioni.ig  the  aluminum  shields  and  the 
time  of  the  shot  undoubtedly  blew  the  majority  of  shields  out  of 
position.  On  these  six  records,  by  correcting  for  the  base-line  shifts, 
the  details  of  wave  shapes  were  readily  and  validly  determined,  although 
some  error  probably  exists  in  the  measurements  of  absolute  magnitude, 

A  cursory  comparison  of  these  Teapot  records  with  the  records 
obtained  on  the  same  structure  during  Shot  10  of  Upshot -Knothole  showed 
simileu:  wave  shapes,  even  in  details,  for  the  various  surfaces.  Detailed 
analysis  of  the  records  was  performed  by  Project  3.2.  A  preliminary 
set  of  pressure-time  records  (high-speed  and  low-speed  playback), 
necessary  static  and  dynaimic  calibration  curves  and  instructions  on 
record  reading  were  turned  over  to  Project  3.2  (the  Armour  Research 
Foundation  on  contract  to  the  Wright  Air  Development  Center) . 
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Appendix  B 

RESPONSE  OF  A  DAMPED  SINGLE - 
DEGREE  SYSTEM  TO  AN  IMPULSE 
FOLLOWED  BY  A  STEP  FUNCTION 


Inductance  force  guges  respond  to  diffraction  loading  as  well  as 
to  drag  loading,  tut  they  have  net\iral  frequencies  too  low  to  record 
properly  the  diffraction  phase  of  the  loading.  Fortunately,  for 
purposes  of  analysis,  their  frequencies  are  low  enough  that  the 
diffraction  period  effectively  constitutes  an  inpulse;  that  is,  the 
duration  of  loading  is  about  one-quarter  or  less  of  the  nat\iral  period 
of  the  gage  (Reference  4l) .  For  example,  the  3-inch  gages  have  a 
diffraction  phase  lasting  about  0.4  msec,  whereas  their  natural  periods 
ranged  from  about  1  l/2  msec  to  about  7  msec.  The  ratios  of  lo?.ding 
duration  to  natural  periods  therefore  ranging  from  about  0.06  to  0.25. 
The  following  analysis  shows  the  effect  on  a  low-frequency  system  of  a 
short -duration  spike  followed  by  a  constant  loaid,  such  as  is  represented 
in  Figure  B.l,  with  the  following  nomenclature; 

A  Projected  area  of  body  in  air  stream 
Constant  of  integration 

Cg  Constant  of  integration 

Cq  Drag  coefficient,  defined  as  F/qA 

F  Force 

n  DaBq)lng  coefflclont  (ratio  n/i^  *  fraction  of  critical  damping) 
Reflected  shock  overpressure 

P^  Side -on  overpressure 


2 

q  Dynamic  pressure  ■■  l/2  0  u 
t  Time 

u  Particle  flow  velocity  in  shock  wave 

Initial  velocity  of  model  due  to  diffraction  Impulse 

y  Deflection 
\  Velocity 

y^  Steady  step-function  acceleration,  the  idealized  drag  phase 
/>  Air  density 

CO  Natural  frequency  of  gage -model  combination 
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For  a  daniped  system  excited  by  the  step  function  of  amplitude  y^; 


&L  4 

dt^ 


2n 


dt 


+  wy 


(B.l) 


y 

y 


-  %  -*•  (C  BinP  t 

-  -ne“®*  (C^slnP^t  + 

(C^cosPj^t  - 


+  C-coBP,t)  where 

<1  •&.  JL 

CgCosP^t)  + 

CgBinP^t) 


2 


n 


At  t  “  0,  the  diffraction  Bpike  of  vanishingly  short  duration  (relative 
to  the  natural  period,  2ft') has  the  effect  of  a 

U  ) 

Dirac  pxxlse  and  may  be  represented  as  an  initial  velocity,  V  .  Therefore, 
the  initial  conditions  at  t  *  0  5  jy  be  stated  as  y  ®  0  and  y°*  whence 


'V  -  ny  /  2  ) 
►  o  o/  •  ' 


..  2 

-^o/w 


y  »  +  e 


y,. 


1  + 


•r  S 

V” 

sinP^t 

-  ^o 

tj2 

COSP^t  1 

Lv^ 

- 

sinP^t 

cosP^^ 

.2) 


In  order  to  see  the  shape  of  this  response  curve,  let  us  estimate  a 


value  of 


Assume  P^  ■  20  psi,  and  O.U,  Calculated  P^  and  q  are  59®5  psi 

and  8.13  rsii  respectively.  The  Impulse  delivered  to  a  3-inch  gage  in 
two  transit  times  (0,0004l*.  sec)  by  a  pulse  of  triangular  shape  would 
be 

^  (O.OOOWf)  -  59.5  'X.  1,01  (O.OOOUlf)  «  0.093  lb-sec. 

2  2 

Equating  impulse  and  manentum  for  a  gage  with  moving  parts  weighing 
1  pound; 


V  » 
o 


3.0  ft /sec 
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INITIAL  CONDITIONS  (y)^,-  O  AND -  Vo 

^  -  '+«’’’^[T^(-^"Or)s'N  P,t-C08  P|t] 
WHERE  P,2-b»*-n2 

RESPONSE  FOR 


TT 


Figure  B.^+  Maximum  Amplitude  of  a  Damped  Single-Degree 
System  Loaded  by  an  Impulse  and  a  Step  Function. 
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AT  «  PSI 


PRKituRc-TiKt  ntamo 

IN  SHOCK  TUIE 


Fl4urtf  3,5  Effect  of  Shock  ChreTpref"sure  on  Relative 
Aagplitude  of  Diff ration  Spike  a  Dra<5  Flat-Top. 


/dio. 


»• 


Therefore  >  11'  'the  oarcural  fre'^ueocy  oi'  the  gage  1$  100  cpe: 

•  L2ffxioca._.C3.ol  -2.5 

3^0  V 

Q  *  O 

Sel'*ctlng  60  percent  of  critical  daiap  tg,  *  0.6,  and  rr — 

Li^y  u*t  ® 

o;.e  may  plot  of  Bq[uation  iJ.2  vereue  ;jp  . 


*  3/ 


Figure  5.2  preaents  thin  response  curve.  Figure  B.3  indicates  th 
effect  of  tb'/  suddenly  applied  drag  lo*l,  "It’o-i  the  liff.— tl_.. 

One  may  note  by  compaxison  with  Figure  B.2  that  only  about  half  the 
amplitude  is  attained  for  n/i^*  0.6  without  the  diffraction  phaae- 
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Figure  B.4  shows  how  the  maximum  amplitude  attained  by  the  gage  varies 

y 

vith  n  /(ijand  The  higher  the  gage  frequency  (up  to  the  point  that 

the  gage  frequency  is  high  enough  to  "x*ead"  the  diffraction  spike,  iu 
which  case  the  foregoing  analysis  is  1  valid),  the  higher  is  the 
diffraction  response.  This  is  also  true  of  the  recording  system,  and 
explains  why  the  field  records  of  Ffguros  3*8  through  3.lJj-  show  no 
diffraction  spikes.  (When  these  te,  e  recordings  are  played  back  on 
higher  frequency  playback  equipment,  the  spikes  do  show  up;  similar 
to  the  shock 'tube  records,  which  were  obtained  directly  throvigh 
oscilloscope  pictures.) 


Fxirther  qualitative  verification  of  the  above  theoretical  con¬ 
siderations  is  obtained  by  the  series  of  shock -tube  records  of 
Figure  B.5,  which  snow  the  effect  of  increase  of  shock  overpressure  on 
relative  amplitude  of  spike  and  flat  top.  Note  that  the  spike  is  much 
higher  than  the  flat  top  at  lower  pressures,  decreasing  relatively  at 
higher  pressures.  This  is  due  to  the  fact  that  F^/<1  approach'“B  infinity 
at  zero  overpressure  and  decreases  with  pressure  ;^and  the  diffraction 
spike  (or  V  )  depends  on  P  ,  whereas  the  flat  top  (or  y^)  depends  on  q. 
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Cnlcf  of  Ordnence,  D/'A,  Weahlngton  25,  D.C.  ATTN: 
CRDTI-AP 

-•  Chief  Sl^el  Officer,  D/a,  P&O  Dlvleion,  Uaehln^ton 
25,  D.C.  ATT?:  SICRD-fl 

^  The  Surgoot^  0*r*red,  d/A,  Weahlngton  25i  D.C.  ATTTf: 
KEDNE 

( ”  7  Chief  Chealcel  Officer,  D/A,  Uaahtngtor.  25,  D.C. 

8  The  Quarteraeater  General,  O/A,  Veahington  25,  D.C. 
ATTT}:  Beaearch  and  Developaant 

11  Chief  of  l^lneera,  D/A,  Waehlngton  25,  D.C,  ATTM: 

ENGKB 

12  Chief  of  Traneportatlon,  Military  Planning  and  Intel¬ 

ligence  DIt.,  Vaahlngton  25,  D.C. 
li-  1*>  CosDandlng  Ger.eral,  Eead^uertera,  U.  S.  Continental 
krsy  Co»and,  Ft.  Knnroe,  Va. 
l‘'j  Prealder.t,  ?-oard  Al,  Heedquartera,  Continental  An^f 
CoaMund*  ft.  5111,  Okl^ . 

17  Prealdent,  Board  #2,  Hea^..iiartera,  Continental  ArsQr 
Corsund,  ft.  tnox,  Ky. 

■  “  .'Ya'’idtnt,  Poor!  f3,  neadqjortcra,  Cantlnental 
C-<x r*,  Pen.r.l,i<^,  Ga. 

19  Prealdent,  Board  AU,  need^uartera,  Continental  Arr 

CoaEsand,  ft.  Dliea,  Tea. 

20  Cocsaanding  Ger.eral,  U.S<  Arc^f  Caribbean,  Ft.  Aaador, 

r.Z.  ATTJJi  Ctl.  Cff. 

21  Cocmander-la-Ctief ,  European  Ccssaand,  APO  Nev 

York,  S.Y. 

22-  i;.  Coaaandlng  General,  D.S.  Ar^  Surcft,  APO  k03,  Kev 
York,  !*.Y.  ATTJl:  OPOT  Div.,  Coabat  Her,  Br, 

2U-  C5  .laandant,  Coafland  and  Getieral  Staff  College#  Ft. 
leavenvorth,  rUin,  ATTTIs  AIX15(AS) 
rC  CcBaanl^t,  TLo  Artlllerr  and  Kleell*  School#  Ft,  StXl# 
Ofcla. 

?7  Secretary#  The  U.F.  Arsf  Air  Defenee  School,  Ft,  Bllee, 
XaiAB.  ATTf«:  MaJ.  Ergiin  V.  Both,  Dopt.  of  Tactics  and 
CoQibiood  Arms 

26  CoEBoar.dlrg  General,  An^  Medical  Serv*  je  School, 

Brooke  Aray  Medical  Center,  Ft.  Saa  Houston,  Tex. 

29  Director,  Special  Weapon*  Develoi.^nt  Cffice, 

Seaiiqu&rterB,  COilUlC,  Ft.  Biles,  Tax.  ATT7I: 

Cajt,  T.  R.  Skinner 

30  Coscondant,  Walter  Heed  Aroy  Inetltute  cf  Beoenrch, 

Waiter  Rood  Arso'  Medical  Center,  Voahington  ?5#  D*  C. 

31  Suj-erlr.iendont,  D.S,  Milltiiry  Acaie^,  West  Point.  N,  T, 

ATT??:  Prof,  cf  Crdruir.ce 

i'’  Coxa&Jidar.t ,  Chealcai  Corps  School,  Chenlcad  Corps 
Training  Consiu.i,  .  i.  McClellan,  Ala. 

Coaaandlng  General,  t'.S.  Amy  Cheelcal  Corpe,  Research 
and  Deveiopssnt  Co'jaaml,  Vaehlrigtoo,  D.C. 

U-  35  -'uaanr.Jir,^  G.jT)or!iI  Aberdeen  Provlr.g  Orounda,  Md. 

A7:N:  Director,  Bolllatlce  Research  xAboratory 
IC  :.,r^4niinr  Ce:.ijr;vl,  ITic  Engineer  Center,  Ft,  Belvolr, 

V:},  Arr*i:  Arnt,  Coamndant ,  Biglnerr  School 
J7  '  .;tkir.  ilr^T  OITIcer,  Engineer  Poouarch  and  Develo|worit 
:at;»^r'»tor/,  Ft.  Bolvclr,  A'o,  ATITl:  Chief,  Technical 
I  r  *elli#yer.ce  Brai.ch 

*5  '-'xtar.'llr.g  '■’fflcer,  ■icatlnry  Arser.f',  Dfver,  S’,^. 
a:':".  :  HlTn-TK 

i9  *.  xar  il* V.  ''’fflcer,  Vellcnl  leBeorch  ;ax»ratory, 

Kt.  J'lr.cx,  Ky. 

w-  .  :oaBar.dtrg  Cfflcsr,  Chemical  Warfare  Laboratories#  Aragr 
Cr»«alcal  Cantor,  Md.  ATTN:  Tech,  Ubrary 
’crcrair  'fficer,  rra.'.Bpr'rtetl&n  RAD  Ctntlon,  Ft, 


t3  Dirisctvr,  Tc cui  iJr  -rurssj.t.-  -or.t.ur,  Kv.'in.; 

l**Lortitury ,  beixor,  I..J. 

UU  Dlreclcr,  W'atervuyu  iinperlaant  i-tutici.,  iC  *.1 , 

VJ.'ktfburg,  Mica.  AlVIi:  iil>r:Lrj 
^5  Director,  Araed  Iiwtitu'-c  >-i'  w  ilier 

need  MeCJCul  Ccr.lor,  t.C.-'5  i'"th  Gtree*. ,  A.-., 

Wauhir*gton  25,  D.C. 

UC  Cpuratlons  Research  Office,  JoLnn  Hopkins  UnlTersity, 

6935  ^rllnctor.  Rd.,  Bothesda  lb,  Md. 

1*7-  JJB  Cnf^-.r.  i: r.£  Cjiuft  HeJOitTCh  tkT.d  Dtr.elcj  - 

sent ,  C02ffiii*jrid,  <Juartorm»tiit#>r  Reae/irch  w,.l  Drv#*' -y.rirrT 
Coriter,  Na''.ck,  Kaso,  ATT!*:  CBR  Lltiiar-n  Of.''icer 
b9  CoB&anding  Officer,  Dtaaond  Ordnance  Futo  Isiboratorles, 
Washington  25,  D.C.,  kTVHi  Coordinator,  Alcaic  Weapons 
Effects  Tests 

50  Coosandlng  Caz^ral,  Quorteroiaater  Research  and  2b-.glceerlng 
CccB&aiuhU,?,  Are;,  Ratlck,  Mass. 

51-  55  Technical  Inforraetion  Senrlce  Elxtanelcn,  C^ak  Ridge,  7er.:%»** 


rcAVY  Acrr/iTiEs 

56*  57  Chief  of  r.aval  operations,  D/S,  Washington  25,  L.  C. 

ATTN :  OP-36 

55  Chief  of  JIaval  Operations,  D/N,  Washington  ?5,  D.C. 

ATTN:  OP-03K 

59  Ctiief,  Bureau  of  Medicine  and  buigery#  T‘/Ti,  Washington  , 

25,  D.C,  ATTN:  Special  Weapons  Defense  Die,  •  #  * 

60  Chief#  Bureau  of  Otlnonce,  D/N,  Washington  25,  D.C.  * 
ol-  62  Chief,  Bureau  of  Ships,  D/N,  Washington  25,  D.C,  ATTN:  .**2*' 

Code  31*8  . 

63  Chief,  Bureau  of  Yards  and  Docks#  D/N#  Washington  25,  ; 

D.C,  ATTN:  D-bi,0  ...... 

6b  Chief,  Bureau  of  Supplies  arid  Accounts,  D/N,  Washing- 

ton  25,  D.C .  .. * • 

65*  Fhlef,  Bureau  of  Aeronautics,  D/N,  Washington  25,  D.C.  •  • 

67  Chief  of  Naval  Research,  Dsportwt  of  the  Navy 
Washlneton  25#  D.C.  ATO:  Code  SU 
66  Counder-in-Chlef,  U.S.  Atlantic  Fleet,  U.S.  Naval  ; 

Bass,  Norfolk  U,  Va. 

69*  CooBUidont,  V.5.  Marine  Corps,  Vaahlngton  25*  D.C. 

ATTN:  Cod*  A035 

73  President,  U.S.  Navel  War  College,  Nevport,  R.I. 

74  Superintendent,  U.S.  Naval  Postgraduate  School, 

Monterey,  Cslif, 

75  CocBsandlrg  Officer,  U.S.  Naval  Schools  Coomai^,  U.S. 

Naval  Station,  Tr^sure  Island,  San  Francisco, 

Calif. 

76  CoBDandlng  Officer,  U.S.  Fleet  Training  Center,  Naval 

Base,  Norfolk  11,  Ve.  ATTN:  Special  Weapons  School 
77"  78  Special  Weapons  Unit,  Pacific,  U.S.  Naval  Air  Station, 

North  Island,  San  Dljgo  35#  Calif. 

79  Cofaaanding  Officer,  Air  Develoinect  Squadron  5,  VF-5, 

China  Lake,  Calif. 

So  Cosnanding  Officer,  U.S,  Naval  Danaga  Control  Training 
Center,  Narvl  Base,  Phlladelj^Xa,  Pa.  ATTN:  ABC 
Defense  C7*>ree 

Bl  Coonandar,  U.S.  Naval  Ordnance  toboratoiy.  Silver 
Spring  19,  Md.  ATTN:  EE 

6?  Consaondar,  U.S.  Naval  Ordnance  laboratory,  Silver 
Spring  19#  Md.  ArrN:  IS 

83  Cmanandar.  U.S.  Naval  OrdrAnce  laboratory.  Silver 
Sprln.-;  I?,  Mu!.  Arn(:  ? 

34  Coaaandar,  U.S,  Naval  Ordnance  Test  Statior, 

China  Lake,  Calif. 

85  Officer-ln-Charga,  U.S.  Naval  Civil  Englnearliy;  Bss. 
ar.d  Evaluation  lab.,  U.S,  Naval  Construction  Bat* 
talKtfi  Center,  Port  Hjenoas,  Calif,  ATTN;  Co»."  753 
fo  Cossar.dlrg  0!  fleer,  U.S.  Naval  Medical  Research  Inst., 

National  fiaval  Medical  Center,  petlAada  lb,  Md. 


•  I  ^  ^  C3  0  ^ 


i 


I 


87  Director^  Snval  Air  £x;>«rlEaoiitAl  Station,  Air 

Material  Center,  'J.a,  Jinvai  Baee,  Pit  1  lade Iphla, 

Penn. 

88-  92  Chief,  Bureau  of  Aoronautlca,  D/N,  Weahto^^n  25,  D.C. 
ATTS;  AJa-AD-l4l/20 

93  Ccnasandlt.g  Offloer,  Kaval  Air  Special  Veapniia  Facility, 
KlrtLani  ATB,  Albuqueniue,  N,  Hex. 

9^  Director,  U.S.  !laval  peaearc>i  lAboratorj*,  Weahlngton 
D.C.  ATT'*:  Mra.  Z^th6^1n•  H-  Caaa 
95  C<?nc#indlru?  orfl'‘©»‘  arid  Director,  tJ.S.  Stiv>*  Electronl'-o 
Li».bo.*ator7,  Sen  5'^,  O'lif.  ATTTt:  Code  h2?3 

Coaaand'.nA  Officer,  ?  .S,  ?lavn?.  Badlolo^lcal  Defenee 
Laboratory,  San  Franclacoj  Calif.  ATOii  TechnlC4iI 
li’.forsatlon  Dlvlalori 

98-  CoKoandlng  Officer  and  Director,  Darld  W.  Tajrlor  Mt>i«l 
Ba»lu,  W4ihlnB:ton  7,  D.C,  A7rN:  library 
'90  Ccc— snicr,  7.8.  Firitl  .^Ir  renter,  .Tohn*- 

TlUe,  Fa. 

'01  CoaMcder- *n>Chlrf  Pacific,  Pearl  Harbor,  TH 

Coaoande.*.  Sorfoik  Naval  Shipyard,  ForteaDuth  3,  Va. 

AT*rH!  Codr  270  , 

103  Chief,  Bareau  of  OrdiULr.ee,  D/S,  Waabln^tou  2^,  V.c., 

ATTS:  SP 

101-110  Tochsloal  IztfonaatloQ  Service  axlertalon.  Oak  Rld^ge,  Term. 
(Surpiua) 


lU2-lk7 

iua-iU9 

150-192 

153 

15U 

197 

158 

199 


CcBaander,  Wrl^bt  Air  Developoent  Center,  Wrlj 
Pattereon  AfB,  Dayton,  Ohio.  ATI*:  WCOCl 
Coamander,  Air  Force  Cnabridge  Beaearch  Cente? 

Hanacoa  Field,  Bedford,  Heaa .  ATTN:  CFqST-- 
CocTAnder,  Air  Force  Special  Weapon#  Center,  1 
AFB,  H.  Max.  ATTA:  Library 
ConBJender,  Lowry  AFB,  I)Bnver,  Colo.  ATTN:  Depi 
of  Spec  lei  Weapons  Train 'rw 
Coacandar,  1009th  Special  Weapons  Sqv'adron,  H< 
quarters,  USA?’,  Waahlivton  25,  D.C. 

T*.e  RArfD  CoT^oratlon,  1700  Main  Street,  Santa 
Calif.  AITS:  S-clear  Fxeriry  Division 
CocEonder,  Second  Air  Force,  Barkodala  AFB,  ly 
Opemttorji  Analysis  Office 
Co2iaa.ndor,  £l*::f.tri  Air  Force,  Weetover  API-,,  M-- 
Operations  Arxlvols  Office 
Cotanrder,  Fifteenth  Air  Force,  March  Ai’b,  Ca 
ATI’S:  Ofcrationn  Anulyois  Office 
foemnder,  Woslem  Develofajent  Div.  (APD'),  P 
Injilowood,  aaif.  ATTH:  WailT,  R.  C.  Ueltt 
Technical  Infomatlon  Service  £:ter.slon,  OaX 
Tertn.  ISuryluo) 
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123 

126-U8 

129 

.  130 

Ui 

132-133 

1J1*-139 

lUO-lll 


AIR  rcSCE  ACUViriSS 

Auat,  for  vtoal:  Ftu.rgy  Headquarters,  USAF,  vashlr.^- 
toi  25,  5.C.  An:  XS/0 
Director  of  Operations,  Headquarters,  UD/.?, 

29,  D.C.  A?rS:  Operation©  Analysis 
Dl-rectc"  of  FlajtB,  Headquarters,  VS^S,  Washlr^fton  21, 
D.C.  A7r!>J  War  Placa  Dlv. 

Director  of  Research  and  De’.-elcpsaert,  XS/D,  Head¬ 
quarter#,  UCAF,  Washlniftor.  25,  D.C.  ATT?!:  Ccabat 
Coaponent#  Dlv. 

Director  of  *r. telllgsr.ee,  Headquarter#,  CfSAT, 
ter  25.  D.C.  ATTH:  A^'CTN-TW 

'"irtfeor.  Cericnl,  Headquarter#,  USAF,  weehlr.ctoc  25 » 
D.C.  ATTS:  Bio,  Def.  Br.,  Pre,  Med.  Dlv. 

Aest.  Chief  cf  Staff,  InteUlgence,  Iteadquartere, 

A.;-  7crce#-Dvrop#,  .W  633,  New  York,  N.Y.  ATTN: 
Directorate  of  Air  Targets 
Coaar.nder,  J«9Ttu  Recotxaiasance  Teclxical  .‘^mdron 
(A’-sr.ontgdJ,  API'  6j3,  Nev  York,  N.T. 

Dnrwsjvider-LTOnlef .  Faclfic  Air  Force#,  .\P0  953,  Sen 
rn;.noisco,  Cali* .  AITN:  FPCXK-KB,  Daao  Pacovarr 
Coomnder-lnoChler,  Strategic  Air  Coaaand,  OffbU  AJTB, 
CkMOie,  Nebraska.  ATTtf;  OAWS 
TrtEttnder,  Tactical  Air  Cocscand,  Lacr.Jcy  A:.-,  Ta. 

f.JTHi  Docuaents  Security  BnLh<h 
cctBTswderi  Air  Defecee  Cocamd,  AF9,  Coio. 

Beaearch  Directorate,  Baadquarter# ,  Air  force  Special 
Veeponj  Center,  KlrtlaM  aFB,  New  Meiloo.  ATT*:  Blast 
Iffecte  Res. 

Aselstant  for  Operatloo#  Analyeie,  DCS/Operatlons, 

ATT*:  Kl##lle  Sut^ItilI  Study  Qroup  (Mr.  Tattle), 
H^dkxusjrter©,  tXLAF,  VaehlDCtoo  25,  D.C. 

Director  of  InetaUatiors,  DC8/0,  Beadk^uartars,  t^AJ, 
V^shicfton  25,  D.C.  ATTN;  AJPOIZ*^ 

Ocnandar,  Air  Research  and  Derelopeent  Oaonaod,  Andreve 
AFB,  Vaehlflctoo  25,  D.C.  4T9:  KDtH 
Coocoander,  Air  ProrinK  Ground  Coenand,  Egiiu  AFB,  Fla. 

Arr©:  Adj./Tech,  risporl  Branch 
Director,  Air  jnlvsrelty  Library,  Murvv.Xl  AFB,  Ala. 
(:cAa!jJer,  Air  Training  CooLand,  Randolph  AFB,  Tex. 
ConsAfulant,  Air  Force  School  of  ATlatton  Hedtcine, 
RandoLpi-.  AFB,  Tex. 


166  Asst.  Secretar>*  of  Defenoe,  Heacarch.  and  Engl 

d/d,  Washington  25,  D.C.  ATTN;  Tech.  Llbr*ir 

167  U.S.  Doo.iaento  Officer,  Office  of  the  h'..-).  ** 

Military  Representative,  SHAJE,  Aif^ 

N.Y. 

163  Director,  Weapons  iysteca  Ehraluatlo.-.  Sroup ,  • 
2EIOO6,  Pentagen,  Washington  ?5,  D.C. 

169  Chalraan,  Araed  Serrlce#  Explosive#  Safety  Be 
Buildl^  T-7,  Gravelly  Point,  Wachlcgtor.  f' 
17c  Cytshr.d&r.t ,  Anxi  Forcco  Ctaff  College,  o 
Va.  ATTN:  Cecretary 

171  Coooander,  Field  CoflEttnd,  .*jnaed  Forces  Cpocls 
Weapons  Project,  PO  Pot  5100,  Alouqusrq’.-^, 
17?  Coaaaander,  Field  Conoand,  Araed  Forces  3r>tci* 
Weapons  Project,  fO  Boa  5IOO,  Albuquers-s, 
ATTN:  Technical  Tmlnlng  Group 
173*177  Coonander,  Field  Cooruid,  Arud  rervos  Gpecu 
Weapons  Project,  P.O.  .Sox  5I0C,  Alhuquerqu* 
ATTN:  Deputy  Chief  of  Staff,  Veapot^  Effect 
I76-IB8  Chief,  Armed  Forces  Speclel  Veaporie  Itroject, 
?5,  D.C,  ATT?  Dociicents  Library  Branch 
169  National  Advieory  Coalttee  for  Aeronautics, 
H.V.,  Washington  25,  D.C.  ^TTN:  B.  7.  Rhodi 
190-19**  Tec^J^:eal  InforaatlCfi  yerrlce  Ext4i.alon,  (jak 
(Surplue) 

ATOMIC  Bfat-IY  CC>HISSIOK  ACTIVmES 


195*^97  U.S.  Atonic  Znergy  CccBclecloc,  Claealfled  T# 
Library,  Washington  25,  D.C.  ATTN:  Mrs.  J. 
(For  IMA) 

198-199  Los  Alaao#  Scientific  laboratoi^r,  Report  Lib 
Box  1663,  Lot  Alaaoe,  N.  Mex.  ATTN:  Helen 
200-20*f  Sandla  Corporation,  ClMtlfled  Docuaert  Dlvl 
Sendla  Base,  Albuquerque,  N.  Hex.  AITN:  H. 
Sqjrth,  Jr. 

205-207  University  of  California  Radiation  labora’c.. 

cOo,  L* ve> Mir.'* ,  wuLir.  A'k..i'i  t'l.>vi8  i.  i  ’•* 
2C6  Weapon  Data  Section,  Technical  InforasMon  : 
tension,  Oek  Ridge,  Tear., 

209*2S?0  Technical  Irforaatlon  Service  Extension,  ^e> 
(^^urpl>*s) 


